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Summary 
Electrode material with desirable properties is the key for realizing high-
performance supercapacitors. In the thesis work, transition-metal-oxide-based 
nanostructures, manganese dioxide nanostructures, ruthenium oxide nanotubes, as well 
as composite materials consisting of transition metal oxide and reduced graphene 
oxide (RGO) were prepared, characterized, and evaluated as supercapacitor electrodes.  
Manganese dioxide (MnO2) nanostructures were synthesized by using a redox 
reaction method at a mild temperature. The morphologies of MnO2 nanostructures 
were found to be different in the reaction systems with different pH. With increasing 
the pH of reaction systems, the morphology of MnO2 nanostructures changed from 
urchin-like structures to nanobelts. The electrochemical results revealed that the 
electrocapacitive performance of MnO2 nanostructures depended on their 
microstructural properties in terms of particle size, surface area, and crystallinity. 
MnO2 nanostructures with a high surface area obtained in base solution exhibited the 
superior performance in comparison with other MnO2 nanostructures. A nanotubular 
ruthenium oxide was prepared by using manganite nanorods as a morphology template. 
Notably, the template dissolved away completely during the formation of ruthenium 
oxide nanotubes. A mechanism was proposed to interpret the formation of ruthenium 
oxide nanotubes. The ruthenium oxide nanotubes exhibited better electrochemical 
performance than that of ruthenium oxide nanoparticles. The results showed that the 
unique nanotubular structure and proton-rich electrolyte are essential to achieve the 
high capacitive performance of ruthenium oxide nanotubes.  
A composite material consisting of MnO2 nanosheets and functionalized RGO 
(FRGO-p) sheets was prepared by making full use of the electrostatic interaction 
between negative charged MnO2 nanosheets and positive charged FRGO-p sheets. The 
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composite material (FRGO-p-MnO2) exhibited an enhanced capacitive performance in 
comparison with pure FRGO-p and Na-typed birnessite sheets. The FRGO-p sheet 
served as a good support led to effective charge transfer for redox reactions of MnO2. 
In addition, anchoring of MnO2 nanosheets on FRGO-p sheets prevented the latter 
from agglomeration, resulting in facile ion transportation pathway for electrolyte to 
access the surface of active material. Therefore, the superior microstructure of FRGO-
p-MnO2 composite led to a synergic effect between the two components, which 
contributed to not only an enhanced specific capacitance but also a good rate capability.  
The combination of manganese oxide and carbon material is effective to improve 
the electrochemical performance of electrode materials. For comparison, RGO, carbon 
nanotube (CNT), and carbon black (Vulcan XC-72) were used to prepare 
nanocomposites with birnessite-type MnO2 clusters by a room-temperature solution 
growth method. The synergetic effect between MnO2 and carbon materials resulted in 
enhanced capacitive performance. Among the three composite materials, RGO and 
MnO2 composite (RGO-MnO2) performed the best with a specific capacitance as high 
as 260 F/g at a current density of 0.3 A/g. The unique structure of two-dimensional 
RGO sheets provided much efficient synergetic effect to minimize the equivalent 
series resistance (ESR), which led to the enhanced performance in terms of large 
specific capacitance and better high-rate capability. The results demonstrated a facile 
approach to incorporate RGO sheets with MnO2 to form a robust composite material as 
supercapacitor electrode. 
Fabrication of an asymmetrical suoercapacitor (ASC) was demonstrated by using 
RGO modified with ruthenium oxide (RGO–RuO2) and polyaniline (RGO–PANi) as 
positive and negative electrodes, respectively. In comparison with the symmetric 
counterparts, the ASC yielded a significantly enhanced energy density and a high 
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power density. For example, an ASC fabricated with only about 17 wt% Ru loading 
exhibited an energy density as high as 26.3 Wh/kg and a high power density of 49.8 
kW/kg. The energy density was about two times higher than that of symmetrical 
supercapacitor, RGO–RuO2//RGO–RuO2 (12.4 Wh/kg) and RGO–PANi//RGO–PANi 
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Diminishing reserves of fossil fuels and severe impacts of burning fossil fuels on 
both human beings and environment have been increasingly driving the world towards 
the development of clean and sustainable energy. Transforming natural energy, such as 
wind, tide, and solar energies can generate large amount of clean and sustainable 
energy. The development of energy storage devices is extremely important to store the 
harvested energy for wide applications. Supercapacitors, batteries, and conventional 
capacitors are commonly used energy storage devices. Among these energy storage 
devices, supercapacitors (also known as electrochemical capacitors or ultracapacitors) 
have attracted rapidly growing attention due to their unique features, such as high 
power density, long cycle life, and small size. Nowadays, supercapacitors are 
exhibiting wide applications in electric vehicles, pacemakers, consumer electronic 
devices and so on.  
The specific energy and power capabilities of several energy storage and 
conversion systems (conventional capacitors, supercapacitors, batteries, and fuel cells) 
are shown in Figure 1.1. It should be noted that no single energy source can match all 
power and energy region. Supercapacitors and batteries, filling up the gap between 
conventional capacitors and fuel cells, are ideal electrochemical energy-storage 
systems (Novak et al., 1997; Long et al., 2004; Rolison and Nazar, 2011). The 
common features of both systems are that energy release takes place at the interface of 
electrode and electrolyte, and that electron and ion transports are separated (Winter and 
Brodd, 2004). Owing to the inherent differences between batteries and supercapacitors 
with respect to energy storage mechanism and electrode materials, the characteristic 
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performance of supercapacitors sets them apart from batteries. Table 1.1 summarizes 
the inherent differences between batteries and supercapacitors as well as the 
conventional capacitors (electrolytic capacitors) (Pandolfo and Hollenkamp, 2006). 
 
Figure 1.1  Ragone plot of specific energy and power capabilities for various energy 
storage and conversion devices (Rolison and Nazar, 2011). Adapted with permission 
from [Rolison, D. R. and L. F. Nazar. Electrochemical energy storage to power the 
21st century. MRS Bulletin 36(07): pp.486-493. 2011]. Copyright (2011) Cambridge 
University Press. 
 
In a battery, energy is stored in chemical form whereas energy is released in an 
electrical form by connecting a load across the terminals of a battery. The 
electrochemical reactions of electrode materials with ions in an electrolyte occur, 
leading to the conversion of chemical energy to electrical energy (Burke, 2000). 
Lithium-ion batteries (LIBs) are the most popular rechargeable batteries. A battery 
mainly consists of an anode, a cathode, an electrolyte, and a separator. When a LIB is 
cycled, Li ions exchange between anode and cathode. The discharge rate and power 
performance of batteries are determined by the reaction kinetics of active materials as 
well as mass transport. Therefore, batteries generally yield high energy densities (150 
Wh/kg is possible for LIBs), rather low power rates, and limited cycle lifes. The even-
increasing demand for power requirements is a great challenge to the capability of 
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battery design (Miller and Simon, 2008a). Conventional capacitors (namely 
electrolytic capacitors) store energy physically as positive and negative charges on two 
parallel conductive plates, offering a high power density but a low energy density. 

















 sec 1~30 sec 0.3~3 hrs 
Energy density (Wh/kg) < 0.1 1~10 20~100 
Power density (kW/kg) ~10 5~10 0.5~1 
Charge/Discharge 
efficiency (%) ~100 75~95 50~90 



















Active mass and 
thermodynamics 
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 The basic characteristics are mainly based on the electrical double-layer capacitors. 
Supercapacitors offer a higher specific power density than most batteries and a 
higher energy density than conventional capacitors. The configuration of a typical 
supercapacitor consists of a pair of polarizable electrodes with current collectors, a 
separator, and an electrolyte, similar to that of a battery. The fundamental difference 
between supercapacitors and batteries lies in the fact that energy is physically stored in 
a supercapacitor by means of ion adsorption at the electrode/electrolyte interface 
(namely, electrical double-layer capacitors, EDLCs). As a result, the supercapacitor 
offers the ability to store/release energy in timescales of a few seconds with extended 
cycle life (Table 1.1) (Zhang and Zhao, 2009). Generally, carbon materials (e.g. 
activated carbon, porous carbon, carbon nanotubes) are used as electrode materials of 
EDLCs (Simon and Gogotsi, 2008; Jampani et al., 2010). Metal oxides and conducting 
polymers are also used as the active materials for supercapacitors, of which energy 
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storage is based on the reversible redox reactions. This class of supercapacitors is 
represented as pseudocapacitor. The electrolytes of supercapacitors can be aqueous or 
organic. The aqueous electrolyte offers a low internal resistance but limits the 
operating potential window to be about 1.0 V determined by the thermodynamic 
electrochemical window of water (1.23 V). Organic electrolytes with a broader 
electrochemical window can significantly enhance the electrical charge (or energy) 
accumulated in supercapacitors than aqueous electrolytes.  
The rapid growth of clean and sustainable energy industry requires energy storage 
devices of high energy density, high power density, and long cycle life. This has 
greatly promoted the development of next-generation supercapacitors. In addition, the 
availability of advanced electrode materials, such as graphene has provided 
unprecedented opportunities for researchers to design and fabricate innovative 
electrode materials for high-performance supercapacitors. 
 
1.2 Objectives and scope of thesis 
To develop high-performance supercapacitors, a couple of fundamental issues, 
such as low energy density, must be addressed. The energy density of commercial 
supercapacitors based on carbon electrodes is generally less than 10 Wh/kg, much 
lower than that of batteries. While metal oxide or conducting polymer electrodes are 
available for high-energy-density supercapacitors, they suffer from poor rate capability 
and poor cycling stability. There is an urgent demand to improve the electrochemical 
performance of metal oxides and conducting polymers. In addition, organic 
electrolytes and ionic liquids with broad operating potential windows offer relatively 
higher energy density. However, organic electrolytes with poor electrical conductivity 
are not environmentally friendly while ionic liquids are cost-ineffective, leading to 
both types of electrolytes being undersirable in practical applicaitons. In view of 
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environmental concerns and cost, aqueous electrolytes are desirable by configuring 
smart supercapacitors with appropriate electrode materials. Thus, to exploit advanced 
electrode materials is the key to develop high-performance supercapacitors.  
With these considerations, this thesis aims to design and prepare novel transition-
metal-oxide-based materials with enhanced electrochemical performance in terms of 
high energy and power densities as well as good cycling stability. The specific 
research activities in this project aim to: 
 investigate the intrinsical capacitive properties of transition-metal-oxide by 
preparing manganese oxide and ruthenium oxide nanostructures with 
controllable morphology and structure as supercapacitor electrodes.  
 design nanocomposite materials consisting of transition-metal-oxide and 
reduced graphene oxide for high-performance supercapacitors. 
 identify the effects of different carbon materials (reduced graphene oxide, 
carbon nanotube, and carbon black) on the electrochemical performance of 
carbon-manganese oxide composite materials as supercapacitor electrodes. 
 optimize the energy and power densities by fabricating asymmetric 
supercapacitor in an aqueous electrolyte. 
The results presented in this thesis may provide simple and effective approaches to 
preparing transition-metal-oxide-based nanomaterials as supercapacitor electrodes. In 
addition, devicing asymmetric supercapacitors in an aqueous electrolyte demonstrated 
a promising approach to substantially increasing the energy density while maintaining 
the high power density of supercapacitor.  
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1.3 Structure of this thesis 
Beginning from a brief introduction to supercapacitors in Chapter 1, Chapter 2 
presents a comprehensive literature review on the working principles of 
supercapacitors, the commonly used techniques for evaluating the electrochemical 
properties of supercapacitors, and the electrode materials used for supercapacitors. 
Presented in Chapter 3 are the chemicals, reagents, and experimental methods used in 
this thesis. Chapter 4 discusses the preparation, characterization and electrochemical 
properties of manganese dioxide (MnO2) nanostructures with an emphasis on the 
relationship between microstructure and electrochemcial performance. Discussed in 
Chapter 5 are the research results of composite materials consisting of MnO2 and 
reduced graphene oxide (RGO) prepared using an electrostatic co-precipitation method 
as supercapacitor electrodes. In addition to the investigation on the capacitive 
performance, presented in Chapter 6 is a comparative investigation on the composite 
materials of MnO2 with different carbon materials (RGO, carbon nanotubes, and 
carbon black). Chapter 7 reports the results of preparation of ruthenium oxide 
nanotubes and their electrocapacitive performance. Chapter 8 illustrates the research 
work on the fabrication of asymmetric supercapacitors by using RGO modified with 
ruthenium oxide and polyaniline as positive and negative electrodes, respectively, 
aimed to improve the electrochemical performance of supercapacitors. Finally, the 
conclusions of this thesis and recommendations for future work are given in Chapter 9.   
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2.1 Working principles and methods of experimental evaluation of 
supercapacitors 
2.1.1 Energy storage in supercapacitors 
On the basis of electrode materials used, there are generally two types of 
supercapacitors, namely, electrical double-layer capacitors (EDLCs) with carbon 
materials as the electrodes and pseudocapacitors with transition metal oxides or  
conducting polymers as the electrodes (Zhang and Zhao, 2009). Both charge storage 
mechanisms can sometimes function simultaneously depending on the nature of 
electrode materials. EDLC is based on the theory of electrical double-layer (EDL), in 
which only an organization of charges takes place at the interface of 
electrode/electrolyte by electrostatic attraction. Helmholtz firstly proposed the model 
of EDL (Conway, 1999). The model was further developed by Gouy and Chapman. 
They proposed that there are two charged layers with opposite charges built up at the 
electrode/electrolyte interface. Later, Stern combined the Helmholtz model with the 
Gouy-Chapman model to explicitly recognize two layers of ion distribution: the 
compact layer (also named Stern layer) and the diffuse layer (Figure 2.1). Thus, the 
double-layer capacitance is made of contributions from the compact layer and the 
diffuse layer (Novak et al., 1997). For an ideal EDL type of supercapacitor, the 
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where εr (a dimensionless constant) is the relative permittivity, ε0 (F/m) is the 
permittivity of a vacuum, A (m
2
/g) is the specific surface area of the electrode 
accessible to the electrolyte ion, and d (m) is the effective thickness of the EDL (also 
known as Debye length). The nature of EDL capacitance is the charge accumulation on 
the surface of electrode materials. Therefore, the high surface area of active materials 
with a good electrical conductivity is the fundamental issue to achieve high 
capacitances.  
 
Figure 2.1 The EDL structure based on Stern model formed at a positively charge 
porous electrode surface. The IHP refers to the distance of closest approach of 
specially adsorbed ions (generally anions) and OHP refers to that of the non-specially 
adsorbed ions. The OHP is also the plane where the diffuse layer begins (Zhang and 
Zhao, 2009). Adapted with permission from [Zhang, L. L. and X. S. Zhao. Carbon-
based materials as supercapacitor electrodes. Chem. Soc. Rev. 38(9): pp.2520-2531. 
2009]. Copyright (2009) The Royal Society of Chemistry. 
 
With respect to pseudocapacitors, the pseudocapacitance is faradic in origin, 
involving reversible redox reactions of electro-active species at or near the electrode 
surface. Hydrous ruthenium oxide (RuO2•xH2O) is a typical example of metal oxide 
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giving pseudocapacitive properties (Zheng et al., 1995; Zhang et al., 2010b). As 
demonstrated in Figure 2.2, the charge storage process is reversible redox reactions of 
ruthenium oxide involving insertion and extraction of protons at or near the electrode 




   
In a proton-rich electrolyte (e.g. H2SO4), the faradic charges can be reversibly 
stored and delivered through the redox transitions of oxyruthenium groups, i.e., 
Ru(IV)/Ru(III). In addition to ruthenium oxides, the promising materials providing a 
pseudocapacitive property are metal oxides (e.g. manganese oxide, cobalt oxide, nickel 
oxide) (Toupin et al., 2004; Zhao et al., 2007b; Zhang et al., 2011a) and conducting 
polymers (e.g. polyaniline, polypyrrole, and poly (3,4-ethylene-dioxythiophene)) 




Figure 2.2 Schematic of charge storage via the process of pseudocapacitance. Adapted 
with permission from [Sassin, M. B., Chervin, C. N., Rolison, D. R., Long, J. W. 
Redox Deposition of Nanoscale Metal Oxides on Carbon for Next-Generation 
Electrochemical Capacitors. Acc. Chem. Res. ASAP. 2012.]. Copyright (2012) 
American Chemical Society. 
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2.1.2 Principles and methods of experimental evaluation 
For a two-electrode supercapacitor cell, two working electrodes are set across a 
separator, and the potential difference between the two electrodes is monitored and 
controlled (Figure 2.3). Each electrode/electrolyte interface represents a capacitor and 
a resistance. For this reason, the whole cell is considered as two capacitors in series. 
Therefore, the specific capacitance (CT) of the two-electrode cell (considered as two 
capacitors in series), is theoretically ¼ of the capacitance of single electrode measured 
in a three-electrode syntesm. The specific capacitance of a supercapacitor cell (CT, the 





In a simple representation of an equivalent resistor-capacitor (RC) circuit (Figure 
2.3). C1 and C2 are the specific capacitances of negative electrode and positive 
electrode, respectively. Rs (in Ω) is the equivalent series resistance (ESR), which 
comes from various types of resistance associated with the intrinsic electronic 
properties of the electrode matrix and electrolyte solution, mass transfer resistance of 
the ions in the matrix, contact resistance between the current collector and the 
electrode. Rf is the resistance responsible for the self-discharge of a single electrode 
(Rf1 and Rf2 refer to Rf for negative electrode and positive electrode, respectively) 
(Kötz and Carlen, 2000; Zhang and Zhao, 2009). The existing commercial and the 
developing supercapacitor devices can be mainly divided into three main types: 
symmetric supercapacitor, asymmetric supercapacitor, and hybrid supercapacitor. 
Simply, the two electrodes are the same for symmetric supercapacitors and are 
different for asymmetric and hybrid supercapacitors.  
The conventional three-electrode systems are suitable for the fundamental studies 
on the intrinsical properties of an active material while two-electrode cells are 
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recommended for the evaluation of cell performance approaching to the actual 
supercapacitors (Inagaki et al., 2010). To evaluate the electrochemical performance of 
supercapacitors, cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) 
curve, and electrochemical impedance spectroscopy (EIS) are the most commonly used 
techniques. 
 
Figure 2.3 Representation of a supercapacitor and a simple RC equivalent circuit, 
illustrating the basic operation of a two-electrode supercapacitor. Adapted with 
permission from [Zhang, J., Zhao, X. S. (2012). On the Configuration of 
Supercapacitors for Maximizing Electrochemical Performance, ChemSusChem, 5(5):  
pp. 818-8412012]. Copyright (2012) John Wiley and Sons. 
 
A CV curve generally has a rectangular shape when the capacitance merely 
originates from the EDL and there are no Faradaic reactions between the active 
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materials and the eletrolyte. The specific capacitance is estimated from the current at 
the middle point of potential range (I) and scan rate (v) according to the equation CT = 
I/mv (Simon and Gogotsi, 2008), where m is the mass of active material. With respect 
to pseudocapacitors, the pesucocapacitive behaviors usually lead to the presence of  
redox peaks with a derivation from the rectangle shape. Thus, the average specific 
capacitance is calculated using the voltammetric charge integrated from the CV curve 














where Q is the total charge obtained by the integration of positive and negative scans 
in a CV curve, m is the mass of the active material in two electrodes, v, the scan rate, 
(V=Va  - Vc) represents the potential window.  
    For the GCD technique, the potential of a supercapacitor is linear, or almost linear 
with respect to the charge/discharge time (dV/dt = constant) during a constant current 
operation, so that the state-of-charge (SOC) can be exactly pinpointed. In contrast, 
most batteries exhibit a relatively constant operating voltage because of the 
thermodynamics of battery reactants (Figure 2.4). As a result, their SOC could not be 
measured precisely (Shukla et al., 2000; Miller and Simon, 2008b). From a GCD curve, 
the specific capacitance of a supercapacitor cell (CT) can be calculated according to 




CT   
in which I (in A) is the discharge current, m (in g) is the total mass of active materials 
in two electrodes, t (in s) is the discharge time, V (in V) is the potential during the 
discharge process after IR drop. Hence, dV/dt is the slope of discharge curve. It is 
recommended that the specific capacitance should be calculated by using two datum 
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points from the discharge curve with dV/dt = (Vmax -½Vmax)/(t2-t1), especially in the 
case of the nonlinear response between potential and time resulting from 
pseudocapacitive reactions (Stoller and Ruoff, 2010). Here, t2 and t1 (in s) are the 
discharge times at the points of maximum potential (Vmax) and half of the voltage 
(½Vmax). 
 
Figure 2.4 Schematic comparison of the galvanostatic charge/discharge profiles of a 
supercapacitor and a lithium-ion battery (LIB) for similar charge and discharge 
durations. During charge/discharge, the cell voltage on an ideal LIB remains constant. 
The voltage on an ideal supercapacitor decreases linearly. As a result, the energy E 
stored in the LIB is proportional to the voltage V, whereas the energy stored in the 
supercapacitor is proportional to the voltage squared (Abruña et al., 2008) . Reprinted 
with permission from [Abruña, H. D., Y. Kiya and J. C. Henderson. Batteries and 
electrochemical capacitors. Phys. Today 61(12): pp.43-47. 2008.]. Copyright [2008], 
American Institute of Physics. 
 
Energy density and power density are two important parameters to evaluate the 
capacitive performance of a supercapacitor cell. The energy density is the capacity to 
perform work, whereas the power density exhibits how fast the energy is delivered. 
The standard approach to obtaining the energy and power densities is based on the 
specific capacitance (CT) of a two-electrode system. The maximum energy stored (Emax, 
Wh/kg) and power delivered (Pmax, W/kg) for a supercapacitor cell is respectively given 
in equations (2.6) and (2.7) (Zhang and Zhao, 2009; Stoller and Ruoff, 2010). 
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in which V is the cell voltage (in V) as shown in Figure 2.3. The cell voltage is 
determined by the thermodynamic stability of the electrolyte solution. The specific 
capacitance of the cell depends extensively on the electrode materials (Wang et al.). 
Hence, a broad operating cell voltage, a large capacitance, and minimum ESR are 
essential for a supercapacitor with good performance. In the fundamental research, the 
transformed equations below are usually used to calculate the maximum energy 



















Electrochemical impedance spectroscopy (EIS) is a powerful tool to evaluate the 
supercapacitor frequency behavior and ESR. Normally, EIS is conducted at the open-
circuit voltage (OCV) by applying a small amplitude of alternative potential (5 ~ 10 
mV) in a range of frequency (generally 0.01 to 100Hz). The resistance (Z) is defined as 
Z = Z' + jZ'', where Z' and Z'' are the real part and the imaginary part of impedance, 
respectively. The specific capacitance is calculated from the imaginary part (Z'') of the 








where f (in Hz) is the frequency, and m is the mass of electrode materials. 
The impedance can be modeled as a function of angular frequency (ω) which is 
equal to 2πf (Taberna et al., 2003; Portet et al., 2005): 
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Figure 2.5a presents a typical example showing the real part of capacitance (C(ω)’) 
change vs. frequency. When the frequency decreases, C(ω)’ sharply increases, then 
tends to be less frequency dependent. The low frequency value of C(ω)’ corresponds to 
the capacitance of supercapacitor cell that is measured during constant-current 
discharge. Figure 2.5b presents the evolution of the imaginary part of capacitance 
(C(ω)’’) vs. frequency. The imaginary part of capacitance goes through a maximum at 
a frequency f0, which defines a time constant as t0 =1/f0. The time constant is described 
as a characteristic relaxation time of the whole system (the minimum time to discharge 
all the energy from the device with an efficiency of greater than 50%). Thus, a smaller 
value indicates a higher rate capability (Taberna et al., 2003; Pech et al., 2010).  
The other important form for EIS is to plot Z’ against Z’’ to obtain a so-called 
Nyquist plot. Figure 2.5c shows a typical Nyquist plot recorded in two-electrode cell 
using activated carbon as both electrodes. The impedance curve exhibits a semicircle 
over the high frequency range, followed by a linear part in the low frequency region. It 
is noteworthy that a large semicircle observed from a Nyquist plot is an indicative of 
high charge-transfer resistance, contributing to the poor electrical conductivity of 
materials, whereas a more vertical the line is more closing to an ideal capacitor 
(Taberna et al., 2003). The quantitative data for these parameters can be obtained by 
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fitting the impedance spectra using the electrical equivalent circuit (Figure 2.5c) (Di 
Fabio et al., 2001). In this circuit, CL is the limit capacitance and Zp is the Warburg 
impedance. The double-layer capacitance (Ce) is usually substituted with the constant 









where Q is defined as the frequency independent constant relating to the surface 
electroactive properties, ω is the angular frequency. The value of exponent n varies in 
the range of -1 to 1. When n = -1, CPE represents an inductor. At n = 0, a pure resistor,  
and an pure capacitor with a phase angle of -90° at n = 1. The CPE corresponds to the 
Warburg impedance at n = 0.5 (Robert et al., 2011). Generally, Rb is the combinational 
resistance of ionic resistance of electrolyte, intrinsic resistance of substrate, and contact 
resistance at the active material/current collector interface (Yan et al., 2010c). Re is the 
charge-transfer resistance caused by the double-layer capacitance on the particle 
surface of the electrode. In the presence of a pesudocapacitive material, Faradic 
reactions also contribute to the resistance. The sum of Rb and Re is the main contributor 
to ESR, limiting the specific power of a supercapacitor. It’s worth noting that the 
analysis and understanding of EIS would be conducted carefully on a case-by-case 
basis, especially for the pseudocapacitive materials with a complex kinetics of 
electrode process because a prefect semicircle is not obtained usually (Ates, 2011; Niu 
et al., 2011).  
Alternatively, the ESR values are determined from a linear fit to the IR drop 
values (IRdrop) obtained from GCD curves at different current densities according to 
(Nian and Teng, 2002; Izadi-Najafabadi et al., 2010; Zhang et al., 2011b): 
)15.2(bIaIRdrop   
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where a represents the difference between the applied potential and the charged 
potential of the capacitor, b is two times of the value of ESR (Rs), and I is the 


















Figure 2.5 Evolution of the real part (a) and the imaginary capacitance (b) vs. 
frequency for 4 cm
2
 cell assembled with two electrode containing 15 mg/cm
2
 of 
activated carbon in acetonitrile (AN) with tetraethylammonium tetrafluoroborate 
(Et4NBF4) (Taberna et al., 2003). Adapted with permission from [Taberna, P. L., P. 
Simon and J. F. Fauvarque. Electrochemical Characteristics and Impedance 
Spectroscopy Studies of Carbon-Carbon Supercapacitors. J. Electrochem. Soc. 150(3): 
pp.A292-A300. 2003]. Copyright (2003) The Electrochemical Society. A Nyquist plot 
of EIS (10mHz to 10 kHz) recorded in two-electrode mode and the equivalent circuit 
for impedance analysis (c) (Di Fabio et al., 2001). Adapted with permission from [Di 
Fabio, A., A. Giorgi, M. Mastragostino and F. Soavi. Carbon-Poly(3-methylthiophene) 
Hybrid Supercapacitors. J. Electrochem. Soc. 148(8): pp.A845-A850. 2001.]. 
Copyright (2001) The Electrochemical Society. 
2.2 Electrode materials for supercapacitors 
2.2.1 Carbon materials 
Activated carbon, porous carbon, and other carbon structures. A variety of 
carbon materials with a high specific surface area (1000-2000 m
2
) and moderate cost, 
 Chapter 2. Literature Review 
   18 
such as activated carbon (AC), porous carbon, and carbon aerogel are widely used as 
electrode materials of supercapacitors (Frackowiak, 2007). A number of recently 
published reviews have summarized the electrochemical performance and technical 
applications of these carbon materials (Liu et al., 2008; Zhang and Zhao, 2009; Inagaki 
et al., 2010; Su and Schlogl, 2010). ACs are the most commonly available electrode 
materials to fabricate symmetric supercapacitors (SSCs) (Frackowiak, 2007; Zhang 
and Zhao, 2009; Zhang et al., 2009b; Inagaki et al., 2010). Figure 2.6 shows the 
commercially available SSCs with different configurations. A majority of SSCs are 
fabricated using ACs and organic electrolytes. Such SSCs exhibit the energy densities 
of 3~6 Wh/kg, the power densities of 10~15 kW/kg, and cycle stabilities of more than 
500000 cycles (Burke and Miller, 2011). 
 
Figure 2.6 (a) Scheme showing a spirally wound double layer capacitor, (b) a spirally 
wound double layer capacitor of 500 g in mass rated for 2,600 F, (c) a photograph of a 
small button cell, which is just 1.6 mm in height and stores 5 F. Both devices can be 
operated at 2.7 V (Simon and Gogotsi, 2008). Adapted with permission from [Simon, 
P. and Y. Gogotsi. Materials for electrochemical capacitors. Nat Mater 7(11): pp.845-
854. 2008]. Copyright (2008) Nature Publishing Group. 
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The current research efforts have been focused on exploiting advanced carbon 
materials for next-generation supercapacitors with high energy density, high power 
capability, and long-time cycle stability. As a typical example, 3D periodic 
hierarchical porous graphitic carbon (HPGC) with the combination of macroporous 
cores, mesoporous walls, and micropores (Figure 2.7a) has been developed as a 
promising electrode material for high-rate supercapacitors (Wang et al., 2008). The 
capacitive performance of SSCs fabricated with HPGC was investigated and compared 
with the SSCs fabricated using CMK-3 (a rod-type ordered mesoporous carbon), 
CMK-5 (a kind of mesoporous carbon templated from SBA-15), and AC (Maxsorb, 
Japan) as electrode materials. As shown in Figure 2.7b, the energy and power densities 
of supercapacitors fabricated with HPGC were similar with those of ACs (in the range 
of 5~8.5 Wh/kg and 0.5~0.9 kW/kg, respectively) at a current drain time of 36 s. 
However, the energy and power densities varied significantly for these supercapacitors 
at higher rates and shorter current drain times. At current drain times shorter than 2 s, 
the energy and power densities of the HPGC supercapacitor were 10.8 Wh/kg and 21 
kW/kg, respectively, much higher than those of AC supercapacitor (only 2.2 Wh/kg 
and 4 kW/kg) at the same rate. More importantly, the highest power-density value 
measured for the HPGC supercapacitor reached the power target of the PNGV 
(Partnership for a New Generation of Vehicles) (Scrosati, 1995), making the 
supercapacitors based on HPGC possible as power supply components in hybrid 
vehicle systems. Additionally, the energy density was further improved by using ionic 
liquid (BMImBF4) as a high-voltage electrolyte (Figure 2.7b). The advanced 
performance of the HPGC supercapacitors was ascribed to several features of the 
combination of macroporous cores, mesoporous walls, and micropores: macroporous 
cores as ion-buffering reservoirs, mesoporous walls with smaller ion-transport 
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resistance, micropores for charge accommodation, and a localized graphitic structure 
for enhanced electric conductivity. 
 
Figure 2.7 (a) Schematic texture of the 3D hierarchical porous graphitic carbon. (b) 
Ragone plot showing the position of the HPGC material relative to those of CMK-3, 
CMK-5, AC (Maxsorb, Japan), ALG-C, PVA porous carbon, and small-pore 
supercapacitors. The dotted lines show the current drain time. The PNGV power target 
(15 kW/kg, in terms of electrode active material weight) is also shown (Wang et al., 
2008). Adapted with permission from [Wang, D.-W., F. Li, M. Liu, G. Q. Lu and H.-M. 
Cheng. 3D Aperiodic Hierarchical Porous Graphitic Carbon Material for High-Rate 
Electrochemical Capacitive Energy Storage. Angew. Chem. Inter. Ed. 47(2): pp.373-
376. 2008]. Copyright (2008) John Wiley and Sons. 
One of the main challenges with using the porous carbon materials for 
supercapacitors is the limited surface area that is accessible to the electrolyte ions. 
Many pores in carbon materials are smaller than 0.5 nm and not accessible to hydrate 
ions (0.6-0.76 nm) (Largeot et al., 2008). While recent studies (Chmiola et al., 2006; 
Huang et al., 2008a; Huang et al., 2008b) have shown an anomalous increase in 
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capacitance for pores sizes below 1 nm, the phenomenon is only observed on some 
special family of carbon materials (e.g., carbide-derived carbons). Therefore, in-depth 
theoretical and experimental studies on the understanding of EDL structure and charge 
storage mechanism in the nano-confined spaces would be beneficial to design novel 
carbon materials with fine pore-size control and dimensional control for supercapacitor 
applications. 
Graphene-based materials. Graphene, a two–dimensional carbon material with 
high surface area (2675 m
2
/g), unique mechanic and electronic properties, and high 
thermal conductivity, has been regarded as a leading candidate for next-generation 
supercapacitors (Geim and Novoselov, 2007; Stoller et al., 2008; Brownson et al., 
2011). Pristine graphene sheets are mainly prepared by using methods, such as 
mechanical exfoliation of graphite, epitaxial growth, and chemical vapor deposition 
(CVD) on a substrate (Novoselov et al., 2004; Allen et al., 2010). Zhao and co-workers 
employed a CVD method to prepare carbon nanosheets consisting of 1-7 layers of 
graphene sheet on conventional carbon fibers and carbon papers (Zhao et al., 2009) 
(Figure 2.8a). When used as electrodes for supercapacitors, the outer surfaces of 
extended graphene sheets were exposed to the electrolyte and available for forming 
electrical double layers (Figure 2.8b). It was found that such graphene sheets possessed 
a volume capacitance of 0.076 F/cm
2
, which was measured according to the geometric 
testing area in a H2SO4 electrolyte. Hence, a total capacitance was estimated to be 1.49 
× 10
4 
F based on a virtual supercapacitor device rolled in a sandwich pad with a given 
dimension (Figure 2.8c).  
Despite wide interests and continuously growing number of publications, 
applications of pristine graphene sheets have yet been realized. This is mainly due to 
the difficulty in reliable production of high-quality graphene from a scalable approach.  
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Figure 2.8. (a) SEM image of carbon nanosheets (top view). The inset figure shows a 
schematic diagram of a single graphene sheet. (b) SEM image of carbon nanosheets 
(cross-section view) shows carbon nanosheets about 0.6 µm tall and less than 1 nm 
thick.  (c) A virtual supercapacitor-cell containing carbon nanosheets as the electrode 
material. A rolled sandwiched-pad forms the supercapacitor. The sandwich-pad 
contains two conductive electrodes as current collectors. It has one insulating layer as 
an ion permeable separator. Carbon nanosheets are filled in as electrode material. Left 
corner inset shows the cross-section schematic of the pad (screening zone in the middle 
of the figure) (Zhao et al., 2009). Adapted with permission from [Zhao, X., H. Tian, M. 
Zhu, K. Tian, J. J. Wang, F. Kang and R. A. Outlaw. Carbon nanosheets as the 
electrode material in supercapacitors. J. Power Sources 194(2): pp.1208-1212. 2009]. 
Copyright (2009) Elsevier. 
 
To harness the excellent properties of graphene for macroscopic applications, 
both large-scale synthesis and integration of graphene sheets with single- and few-
layer into advanced multifunctional structures are required. Reduced graphene oxide 
(RGO) can be prepared in large-scale and at a relatively low cost through chemical 
conversion from graphene oxide. Additionally, RGO sheets can adjust themselves to 
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be accessible to different types of electrolyte ions, which enables potential technical 
applications in energy conversion and storage devices (Zhang et al., 2010e; Bai et al., 
2011). 
Early studies on the capacitive performance using RGO as electrode materials in 
supercapacitors revealed specific capacitances of 135, 99, and 75 F/g in aqueous, 
organic, and ionic liquid electrolytes, respectively (Stoller et al., 2008; Zhu et al., 
2010). If the whole surface area of 2675 m
2
/g is fully utilized, graphene sheet is 
capable of storing EDL capacitance of up to 550 F/g. Thus, the observed capacitances 
are primarily limited by the agglomeration of graphene sheets and do not reflect the 
intrinsic capacitance of an individual graphene sheet. Recently, a superior 
improvement has been achieved by chemical activation of RGO sheets (Zhu et al., 
2011). The three-dimensional (3D) porous carbon network structure had a BET surface 
area up to 3100 m
2
/g, even higher than the theoretical value. A packaged 
supercapacitor device using the activated RGO sheets as both electrodes displayed an 
energy density of above 20 Wh/kg in an organic electrolyte, which is much higher than 
that of AC-based supercapacitors, and nearly equal to that of lead acid batteries (Burke, 
2007). After 10,000 GCD cycles at a current density of 2.5 A/g, 97% of its initial 
specific capacitance was retained. Moreover, the facile process used to active RGO 
sheets is readily scalable to industrial levels.  
A coin-size SSC was fabricated with RGO sheets prepared by using a gas-based 
hydrazine reduction, giving remarkable results with specific capacitance of 205 F/g, 
energy density of 28.5 Wh/kg,  and power density of 10 kW/kg, significantly higher 
than those of CNT-based supercapacitors (Niu et al., 1997). A similar supercapacitor 
using curved RGO sheets as electrodes was fabricated in an ionic liquid electrolyte 
(Liu et al., 2010c). The mesopores in the curved morphology of RGO sheets were 
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enabled to access to ionic liquid which was capable of operating at voltage as high as 4 
V, leading to a high energy density of 85.6 kW/kg at room temperature and 136 kW/kg 
at 80 ºC, comparable to that of the Ni metal hydride battery. The key to the success is 
the ability to make full use of the intrinsic surface by preparing curved RGO sheets 
that would not restack face-to-face. These studies demonstrate that the best strategy to 
achieve a high performance in RGO-based materials is to find an effective way to 
prevent graphene sheets from sticking to one another.  
The agglomeration of RGO sheets not only decreases the surface area, but also 
precludes the access of electrolyte ions to the inner surface of RGO sheets, 
deteriorating the capacitive performance of RGO-based materials. To minimize the 
restacking of RGO sheets, attempts have been made to combine RGO sheets with other 
materials, such as CNTs, porous carbon, conducting polymers, and metal oxides (Wu 
et al., 2010a; Cheng et al., 2011; Lei et al., 2011). For example, a comparative study on 
the capacitive performance of GO, GO/MWCNT, and MWCNT was reported. Specific 
capacitances of 251, 85 and 60 F/g were obtained for GO/MWCNT, MWCNTs and 
GO, respectively (Aboutalebi et al., 2011). The results indicated that the synergistic 
effect between the two materials led to a higher capacitance compared to either RGO 
or MWCNTs. Most importantly, a 120% increase in capacitance was observed with 
increasing cycle number, which would be contributed to the reduction of GO to RGO 
during the continuous CV cycles. A layered film of graphite oxide and multiwalled 
carbon nanotube (MWCNT) was fabricated by flow-directed assembly from a complex 
dispersion of graphite oxide and MWCNTs. The subsequent reduction of graphite 
oxide was achieved by the use of gas-based hydrazine, leading a flexible film of RGO 
and MWCNT (RGO/MWCNT). Such a composite film with 16 wt. % MWCNTs 
exhibited a layered structure with MWCNTs uniformly sandwiched between the RGO 
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sheets. The MWCNTs not only efficiently increased electrolyte/electrode contact area, 
but also facilitated the transportation of electrolyte ion and electron into the inner 
region of electrode. As a result, the RGO/MWCNT film yielded a specific capacitance 
of 265 F/g
 
 at 0.1 A/g and displayed an excellent specific capacitance retention of 97% 
after 2000 charge/discharge cycles (Lu et al., 2011). The method provides an 
alternative strategy to address the key issues of using RGO sheets as supercapacitor 
electrodes. 
2.2.2 Conducting polymers 
Conducting polymers (CPs) can store charge not only in the electrical double layer 
but also through the rapid faradic charge transfer (pseudocapacitance). As a result, the 
specific capacitances of CPs are higher than those of EDL capacitors constructed with 
carbon materials. Therefore, a large number of studies reported the synthesis and 
electrochemical properties of CPs and their derivatives (Jang, 2006; Snook et al., 2011). 
Polyaniline (PANi)  nanofibers doped with citric acid were prepared by a novel 
surfactant-assisted dilute polymerization technique, which exhibited a specific 
capacitance of 298 F/g (Subramania and Devi, 2008). An interfacial polymerization 
was used to prepare PANi nanofibers in the presence of paraphenylenediamine (PPD). 
The presence of additives resulted in the formation of longer and less entangled PANi 
nanofibers than those in the absence of PPD. A specific capacitance as high as 548 F/g 
were obtained for the PANi nanofibers prepared in the present of PPD at a current 
density of 0.18 A/g (Guan et al., 2010). Polypyrrole (PPy) was deposited on a Ti foil 
via cyclic voltammetry at a scan rate of 200 mV/s, resulting in a highly porous PPy 
nanostructure. The PPy electrode exhibited a high specific capacitance of about 480 ± 
50 F/g with a good stability in 1 M KCl electrolyte (Fan and Maier, 2006). Poly(3-
methyl thiophene) (PMeT) and poly(3,4-ethylenedioxythiophene) (PEDOT) were also 
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used as supercapacitor electrodes with specific capacitances of 165~220 F/g for PMeT 
and about 110 F/g for PEDOT, respectively (Mastragostino et al., 2002; Snook et al., 
2011). 
The poor cycling stability of CPs is a big drawback for using these materials as 
supercapacitor electrodes. In order to address this problem, the incorporation of carbon 
materials into conducting polymer is an attractive way to improve their 
electrochemical performance by combining the superior properties of both components 
(Wang et al., 2009a; Xu et al., 2009b; Yan et al., 2010b; Zhang et al., 2010c). In situ 
polymerization is the most widely applied method for preparing carbon/CP composites. 
The basic process is to polymerize CP monomers in a suspension containing carbon 
materials by irritating with an oxygenating agent, such as sodium persulfite (Kuilla et 
al., 2010). A recent study reported that the presence of nanodiamond (ND) in the 
composite of ND and PANi (ND/PANi) could greatly improve the electrochemical 
performance of PANi. The ND/PANi nanocomposite electrodes exhibited dramatically 
improved cycle stability and higher capacitance retention than that of the pure PANi 
electrode. The specific capacitance of ND/PANi electrode was up to 640 F/g after 10 
000 galvanostatic cycles in 1 M H2SO4 electrolyte, 3–4 times higher than those of ACs. 
Electrochemical polymerization is a facile way to prepare CPs on the electrode 
surfaces. The polymerization process is easily controllable by adjusting the applied 
potential, current as well as polymerization time without using an additional oxidant. 
Electrochemical polymerization has been used to synthesize RGO/CP composites. For 
example, PANi and PPy were deposited onto RGO films by the electrochemical 
polymerization of aniline and pyrrole monomers, respectively (Wang et al., 2009a; Liu 
et al., 2010a). The composite paper consisting of RGO and PANi showed a specific 
 Chapter 2. Literature Review 
   27 
capacitance of 233 F/g, exhibiting the potential application as a supercapacitor 
electrode.  
2.2.3 Transition-metal-oxide-based materials 
A number of transition metal oxides with various oxidation states represent a type 
of attractive materials for supercapacitors owing to the outstanding structural 
flexibility and the high specific capacitance. For the transition metal oxides, energy 
storage is based on the reversible redox reaction in addition to the electric double-layer 
storage. Thus, pseudocapacitance is the predominant part in charge storage process. 
Ruthenium oxides, manganese oxides, vanadium pentoxide, nickel oxides, cobalt 
oxides et al. have been investigated as electrode materials for supercapacitor 
applications.  
Ruthenium-oxide-based nanostructures. The most active structure is hydrous 
ruthenium oxide because of its intrinsic reversibility for various surface redox couples 
and high conductivity. Ruthenium oxide electrodes with specifically designed structure, 
crystalline phase, particle size and morphology have been shown to display good 
capacitive properties (Simon and Gogotsi, 2008). The specific capacitances for 
hydrous ruthenium oxides in the range of 200 to 1300 F g
-1
 have been reported (Chang 
et al., 2009; Rolison et al., 2009).  
The previous studies revealed that the electrical and capacitive properties of 
ruthenium oxides were closely related to the amount of water in the materials and the 
degree of crystallinity (Zheng et al., 1995; Fu et al., 2002; Sugimoto et al., 2005; Yuan 
et al., 2009a). A series of ruthenium oxide nanoparticles with different water contents 
were investigated by EIS (Yuan et al., 2009a). The results demonstrated the 
importance of hydrous regions (either interparticle or interlayer) to allow appreciable 
protonic conduction for high energy and high power supercapacitors. Hydrothermal 
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treatment and heating in air are usually used to regulate water content in ruthenium 
oxides. Results showed that hydrous ruthenium oxides not only lower proton diffusion 
resistance but also enhance the electronic conductivity for the redox transitions of 
active species. This is because the hydrous regions allow facile proton permeation 
through the materials (Long et al., 1999).  
The crystallinity of ruthenium oxide depends on the synthesis procedure. For 
example, the reaction sputtering or vapor deposition usually results in ruthenium 
oxides with good crystallinity. However, their specific capacitances are low because 
the crystallized structure leads to the difficulty in the permeation of protons into the 
bulk materials. As a result, only the surface reaction contributes to the capacitance of 
ruthenium oxides with good crystallinity. In contrast, amorphous ruthenium oxides 
obtained from solution procedures allow fast, continuous, and reversible faradaic 
reactions among the whole material, leading to high specific capacitances. Therefore, a 
number of methods have been developed to prepare ruthenium oxides in aqueous 
solution (Lin et al., 2008; Mondal and Munichandraiah, 2008; Capucine et al., 2009; 
Lin et al., 2009; Oh and Nazar, 2010).  
The annealing temperature is an important parameter to adjust the crystallinity and 
water content of ruthenium oxides. A
 
hydrous ruthenium oxide was prepared by a sol-
gel process (Zheng et al., 1995).
 
The crystalline structure and the electrochemical
 
properties of ruthenium oxide powders were studied as a function of
 
the annealing 
temperature. At a lower annealing temperature, the powder was
 
in an amorphous phase 
with a high specific capacitance. Specific capacitance
 
was up to 720 F/g for the powder
 
formed at 150 °C. When the annealing temperature exceeded 175 °C, crystalline
 
phase 
was formed, and specific capacitance dropped rapidly. In general, the optimal 
annealing temperature for hydrous ruthenium oxide is about 150 °C.  
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Recently, the mesoporous RuO2 thin films were found to exhibit a specific 
capacitance of about 1000 F/g at a scan rate of 10 mV/s. The high capacitance 
originated from the intrinsic nature of hydrous ruthenium oxide and the high 
mesoporosity (Capucine et al., 2009). Mesoporous ruthenium oxide films with 
excellent capacitive properties have also been prepared via the evaporation-induced 
self-assembled method (EISA) (Yuan et al., 2009a). As a supercapacitor electrode, a 
nanotubular arrayed RuO2·xH2O electrode prepared by means of an anodic deposition 
method exhibited a specific capacitance as high as 1300 F/g (Hu et al., 2006a).
 
The 
superior electrochemical performance was ascribed to its tailored nanotubular arrayed 
porous architecture as well as the hydrous nature. The nanotubular structure allowed 
one to easily control the capacity and rate of charge/discharge by controlling the length 
and thickness of nanotube walls. In addition, the nanotubular structure provided a high 
surface area and short pathway for ion transport, which could address the problem of 
laggard charge transfer.  
Another structure of hydrous ruthenium oxide with interesting capacitive 
properties is lamellar ruthenic acid hydrate (H0.2RuO2.2nH2O). The electronic 
conductivity of the layered ruthenic acid is accomplished via a crystalline ruthenium 
oxide layer interleaved with layers of water, which account for the protonic conduction 
(Wataru et al., 2003). The specific capacitance of lamellar ruthenic acid hydrate was 
found to be 390 F/g in a H2SO4 electrolyte. After 10000 consecutive cycles, the 
capacitance loss was negligible, suggesting the good cycle stability.  
The major drawback of ruthenium oxide as supercapacitor electrode is the high 
cost due to the limited availability of ruthenium. With an aim to lower cost while 
improving the utilization, composite materials have been prepared by combining 
ruthenium oxide with cheap metal oxides, such as TiO2, SnO2, and MnO2. For example, 
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3D TiO2 nanotube network was employed as a solid support for Ru1-yCryO2 (Bo et al., 
2006). The specific capacitance of Ru1-yCryO2 in this composite is up to 1272.5 F g
-1
, 
indicating a high utilization of the active material.  
The dispersion of ruthenium oxide on a number of carbon materials, such as 
mesopoeous carbon, carbon nanotubes, and graphene is effective to reduce the mass of 
noble metal and improve the utilization of ruthenium oxides. Hydrous ruthenium oxide 
nanodots were dispersed on the surface of CNTs functionalized with poly(sodium 4-
styrene sulfonate) (PSS) (Yuan et al., 2009a). As shown in Figure 2.9, the alkyl chain 
part of PSS molecules probably lies along the outer surface of the CNTs. The sulfonic 
groups with negative charges extending into the solution provide electrostatic 
repulsion to stabilize the aqueous suspension of CNTs, which not only enables the 
good wetting of CNTs in aqueous systems but also functionalizes CNTs with 
negatively charged PSS. The negatively charged PSS leads to effective adsorption of 
metal ion precursors (Ru
3+
) on the surface of CNTs and facilitates the following 
deposition of ruthenium species. As a result, RuO2·xH2O nuclei are preferentially 
formed on the founctionalized CNTs (FCNTs) surfaces rather than in solution and act 
as nucleation centers for the further formation of ruthenium oxide nanodots. Thereby, 
RuO2·xH2O nanodots could be densely grown, and assembled into a heterogeneous 
ruthenium oxide layer on the surfaces of FCNTs under a mild hydrothermal condition. 
A specific capacitance as high as 1474 F/g for RuO2·xH2O and electrochemical 
utilization of 71% for the Ru species were achieved on the composite electrode with 10 
wt% hydrous ruthenium oxide. Recently, Cheng and co-workers (Wu et al., 2010c) 
investigated the effect of Ru content in the composites of RGO and RuO2 (RGO/RuO2) 
on their capacitive properties. Supercapacitors fabricated with these composite 
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materials as both electrodes displayed a specific capacitance as high as 570 F/g, an 
energy density of 20.1 Wh/kg, and  a power density of 10 kW/kg.  
Manganese-oxide-based nanostructures. A number of less expensive metal 
oxides in which the metal ions can reversibly transfer among the multiple valences, 
have been pursued to replace ruthenium oxides, which is effective to reduce the cost. 
Manganese oxides (MnOx) have attracted much attention due to its low cost, 
environmental benign nature, natural abundance, and high energy density (Toupin et 
al., 2004; Wei et al., 2011). Therefore, a variety of preparation methods have been 
developed to synthesize manganese oxides as supercapacitor electrodes.  
 
Figure 2.9 A schematic representation of the formation process of RuO2·xH2O/FCNTs 
nanocomposites (Yuan et al., 2009a). Adapted with permission from [Yuan, C., L. 
Chen, B. Gao, L. Su and X. Zhang. Synthesis and utilization of RuO2 ·xH2O nanodots 
well dispersed on poly(sodium 4-styrene sulfonate) functionalized multi-walled carbon 
nanotubes for supercapacitors. J. Mater. Chem. 19(2): pp.246-252. 2009a]. Copyright 
(2009) The Royal Society of Chemistry. 
 
The pseudocapacitive behaviors of amorphous manganese oxides were first 
reported in 1999 (Lee and Goodenough, 1999). The manganese oxide was synthesized 
by a co-precipitation method in which the redox reaction between potassium 
permanganate and manganese acetate occurred in water. It was found that the 
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amorphous manganese oxide with a surface area of 303 m
2
/g displayed ideally 
capacitive behaviors with a specific capacitance of about 200 F/g. This study paves the 
way to use manganese oxides as electrode materials for supercapacitor applications. 
The co-precipitation method was widely used to prepare manganese oxides by the 
redox reaction of potassium permanganate with a number of reducing regents, such as 
ethanol, potassium borohydride, sodium dithionite, and sodium hypophosphite (Jeong 
and Manthiram, 2002; Ragupathy et al., 2008; Ragupathy et al., 2009; Wei et al., 2011). 
This method is quite simple and efficient to prepare amorphous manganese oxides as 
electrode materials. However, the redox reaction is too fast to control the structure and 
morphology of manganese oxides.  
Manganese oxide thin films, especially porous films, are greatly desirable for 
capacitive applications. The sol-gel method was used to prepare MnO2 thin films for 
supercapacitor applications (Suh-Cem et al., 2000). It was found that the specific 
capacitances of the sol-gel derived MnO2 thin films depended on the film thickness 
and calcination temperature. The specific capacitance of these films quickly decreased 
from 700 to 200 F/g when the film thickness increased from tens of nanometers to 
several micrometers, indicating only a thin layer of MnO2 was involved in the 
capacitive reaction process (Xu et al., 2007a). Alternatively, electrodeposition was 
developed to prepare manganese oxide thin films. Manganese oxide thin films with 
mesoporous and ordered/periodic architectures were synthesized by using anodic or 
cathodic modes (Nakayama et al., 2007). These porous thin films were favorable for 
the penetration of electrolyte and reactants into the entire electrode matrix, leading to 
better capacitive performances than these of non-porous thin films. The 
electrodeposition process is easily controlled by the variables, such as voltage or 
current density, solution concentration, pH value, and temperature.  
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), resulting in compromises of rate capability and reversibility 
(Wei et al., 2011). This possibly explains why the experimentally observed specific 
capacitance values of MnOx electrodes are far below the theoretical value. The 
limitation had to be overcome through various approaches, including the combination 
manganese oxides with a good electrically conductive component (e.g., carbon 
materials, conducting polymers). A self-limiting electroless reaction between carbon 
and aqueous permanganate was developed to deposit amorphous MnO2 on carbon 
aerogel (Fischer et al., 2007). Such a 3D design exploited the benefits of a nanoscopic 
MnO2-carbon interface to produce an exceptionally high area-normalized capacitance 
of 1.5 F/cm
2
, as well as a high volumetric capacitance (90 F/cm
3
). The inspiring 
method was used to uniformly coat manganese oxide on various carbon materials, such 
as activated carbons, porous carbons, and CNTs. The electrodeposition of MnO2 
nanowires on CNT paper led to a free-standing and flexible electrode (Chou et al., 
2008). The flexible electrode displayed a specific capacitance of 168 F/g at a current 
density of 0.077 A/g. After 3000 cycles, the composite paper retained over 88% of its 
initial capacitance, showing a good cyclibility. Manganese oxide nanoflower/carbon 
nanotube array (CNTA) composite electrodes with a hierarchical porous structure, 
large surface area, and superior conductivity were prepared (Zhang et al., 2008). Such 
binder-free manganese oxide/CNTA electrode displayed a high capacitance (305 F/cm
2
) 
and long cycle life (3% capacity loss after 20000 charge/discharge cycles). As shown 
in Figure 2.10, Multisegmented Au-MnO2/CNT coaxial arrays are prepared inside 
porous alumina templates using a combination of electrodeposition, infiltration, and 
chemical vapor deposition methods. In the hierarchical porous structure, the highly 
conductive and porous CNTA facilitate the electron transport and ion diffusion into the 
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core MnO2, leading to high utilization of MnO2. As a result, the hybrid coaxial 
nanotubes showed good electrochemical performance with a specific capacitance of 68 
F/g, a power density of 33 kW/kg, and an energy density of 4.5 Wh/kg (Reddy et al., 
2009b). 
 
Figure 2.10. Schematic diagram showing the fabrication of Au-MnO2/CNT hybrid 
coaxial nanotube arrays inside an AAO template using a combination of 
electrodeposition, vacuum infiltration, and CVD techniques (Zhang et al., 2008). 
Adapted with permission from [Zhang, H., G. Cao, Z. Wang, Y. Yang, Z. Shi and Z. 
Gu. Growth of Manganese Oxide Nanoflowers on Vertically-Aligned Carbon 
Nanotube Arrays for High-Rate Electrochemical Capacitive Energy Storage. Nano 
Letters 8(9): pp.2664-2668. 2008]. Copyright (2008) American Chemical Society. 
 
As summarized in Part 2.2.1, graphene is predicted to be good electrode materials 
for supercapacitors (Pumera, 2011; Sun et al., 2011). A number of methods have been 
used for the preparation of composite materials of graphene or graphene oxide (GO) 
with manganese oxides (Chen et al., 2010b; Wang et al., 2010b; Wu et al., 2010b; 
Chen et al., 2011b). A GO sheets supported needle–like MnO2 nanocrystals (GO–
MnO2 nanocomposites) was synthesized through a soft chemical route in a water–
isopropyl alcohol system (Chen et al., 2010b). The oxygenate groups on the surface of 
GO sheets were the centers for anchoring manganese ions and the subsequent 
nucleation and growth. A specific capacitance of about 210 F/g for the GO–MnO2 
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composites was obtained at a low current density of 0.15 A/g. However, the 
investigation exhibited that this method is only suitable for the preparation of GO–
MnO2 composites with a small amount of insulating GO because excess GO will 
largely reduce the conductivity of composite material, eventually deteriorating the 
capacitive performances. With the assistance of microwave heating, the redox reaction 
between carbon and permanganate ions was used to deposit MnO2 on RGO sheets 
(Wang et al., 2010b; Fan et al., 2011). The resulting composite displayed a specific 
capacitance of about 310 F/g at a low scan rate of 2 mV/s, which was almost three 
times higher than that of pure RGO sheets (104 F/g) and MnO2 (103 F/g). These 
RGO–manganese oxide composites exhibited enhanced capacitive performance mainly 
due to the synergistic effect of the high conductivity of RGO sheets and the redox 
reaction of manganese oxides.  
Other transition-metal-oxide nanostructures. A number of transition-metal-
oxides, such as vanadium pentoxide, nickel hydroxide/oxide, and cobalt oxides, have 
also been used as supercapacitor electrodes. A layered structure of vanadium pentoxide 
(V2O5) prepared using sol–gel method exhibited the higher specific capacitance of 214 
F/g in 2 M KCl electrolyte than in NaCl and LiCl electrolytes (Reddy and Reddy, 
2006). V2O5 powders prepared by a co-precipitation method yielded a specific 
capacitance of 262 F/g (Lao et al., 2006). Recently, nanocomposite networks of 
interpenetrating CNTs and V2O5 nanowires were synthesized via an in situ 
hydrothermal process (Chen et al., 2009). As seen from Figure 2.11, the fibrous 
nanocomposite of CNTs and V2O5 nanowires exhibits a hierarchical porous structure. 
Such a porous structure with high surface area allows the easy access of electrolyte 
ions to the inner surface of electrode materials, and the CNTs with good electric 
conductivity offer fast charge transfer in the active materials (Figure 2.11). As 
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expected, an ASC device based on the nanocomposite materials exhibited an energy 
density of 16 Wh/kg and a high power density of 3.75 kW/kg, comparable to those of 
Ni-MH batteries. The energy and power densities could be further improved to 40 
Wh/kg and 20 kW/kg, respectively, by using an organic electrolyte (Chen et al., 2011a).  
 
Figure 2.11 Schematic of hierarchical porous structure based on interpenetrating 
networks of CNTs and V2O5 nanowires, and Cyclic voltammograms of CNT, V2O5 
nanowire and composite material as indicated in the Figure (Chen et al., 2011a). 
Adapted with permission from [Chen, Z., V. Augustyn, J. Wen, Y. Zhang, M. Shen, B. 
Dunn and Y. Lu. High-Performance Supercapacitors Based on Intertwined CNT/V2O5 
Nanowire Nanocomposites. Adv. Mater. 23(6): pp.791-795. 2011a.]. Copyright (2011) 
John Wiley and Sons. 
Nanoporous nickel hydroxide films were electrodeposited on a titanium substrate 
by using Brij 56 (polyoxyethylene cetyl ether) as a template (Zhao et al., 2007a; Zhao 
et al., 2007b). Such a nanoporous film displayed a specific capacitance as high as 578 
F/g. Porous NiO microspheres with a specific capacitance of 710 F/g at a current 
density of 1 A/g and a capacitance retention of 98% after 2000 continuous charge-
discharge cycles were reported (Yuan et al., 2009b). Loosely packed NiO nanoflakes 
were prepared using a chemical precipitation method, achieving a specific capacitance 
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as high as 942 F/g (Kong et al., 2009). Although these nickel oxide/hydroxides exhibit 
high specific capacitances, they suffer from the limited potential window (< 0.6 V), 
much lower than 1.0 V, which would limit their energy densities when used as 
electrode materials in supercapacitors because the energy density is proportional to the 
squared potential window (Equation 2.6).  
Mesoporous Co3O4 nanocrystals with well-controlled shapes were prepared by 
using a solvothermal method (Xiong et al., 2009). The specific capacitance was 
measured to be about 92 F/g
 
at a current density of 5 mA/cm
2
. Cobalt oxide aerogel 
was synthesized with propylene oxide as an additive and used as a supercapacitor 
electrode. A high specific capacitance of 623 F/g and good cycle stability were 
observed (Wei et al., 2009a). The specific capacitance of cobalt oxide aerogel is much 
higher than that of loosely packed cobalt oxide nanocrystals and xerogels. Cobalt 
hydroxide thin films were also prepared using a nonionic surfactant (Brij 56) as 
template (Zhou et al., 2008). The maximum specific capacitance of 1084 F/g was 
realized in a 2 M KOH electrolyte solution at a current density of 4 A/g.  
Overall, a variety of electrode materials, such as carbon-based materials, 
conducting polymers, transition-metal-oxides, and their composite materials have been 
tested as electrode materials for supercapacitors. The diversity of electrode materials in 
chemical and physical properties, preparation methods, as well as the evaluation 
methods renders the reported electrochemical performances highly variable. With 
respect to transition-metal-oxide-based materials, it is expected to fully exploit as 
promising materials for supercapacitors. 
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3.1 Reagents and apparatus 
The chemicals and reagents used in this thesis together with the purities and 
sources are listed in Table 3.1.  
 
Table 3.1 Reagents used for materials synthesis. 
 
Chemicals Grade Supplier 
Manganese (II) nitrate hexahydrate 98% Alfa Aesar 
Potassium permanganate 99.9% Aldrich 
Potassium hydroxide 99% Alfa Aesar 
Nitric acid 65-70% Merck 
Ammonium persulfate (APS) 98% 
Sigma-
Aldrich 
Pyrrole 98% Aldrich 
Sodium sulfate 99% Merck 
Silver nitrate 99.9% Alfa Aesar 
Hydrogen peroxide 35% Scharlau 
Manganese acetate 99.9% Aldrich 
Sodium hydroxide 99% Merck 





Tetramethyl ammonium hydroxide 25 wt% Alfa Aesar 
poly(diallyldimethylammonium chloride) 
(PDDA) 
35 wt% Aldrich 
Ruthenium (III) chloride 99.9% Alfa Aesar 
Aniline 99.5% Sigma Alrich 
Hydrochloric acid 37% Merck 
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The general equipments for materials preparation and electrochemical 
measurement are given in Table 3.2.  
 
Table 3.2    Apparatus. 
 
Apparatus Model or Specification Manufacturer 
Hot Plate & Magnetic 
stirrer 
KMC-130SH Vision Scientific 
Hot Plate & Magnetic 
stirrer 
MR 3002 Heidolph 
Autoclave Stainless steel lined with Teflon Self-made 
Oven Binder FD240 Fisher Scientific 
pH meter Ioncheck 10 
Radiometer 
Analytical 






285A Fisher Scientific 
Ultrosonicator Transsonic 460/H ACHEMA 
Electrochemical 
station 
PGSTAT302N Eco Chemie 
 
3.2 Characterization techniques 
3.2.1 Fourier transform infrared (FT-IR) spectrometer  
FT-IR spectrometer records the interaction of a single beam of un-dispersed IR 
radiation with a sample measuring the frequencies at which the sample absorbs the 
radiation and the intensities of the absorptions. Chemical functional groups are known 
to absorb light at specific frequencies. Thus, the chemical structure can be determined 
from the frequencies recorded. In this thesis, FT-IR spectra were recorded on a FTIR-
8400S infrared spectrophotometer (Shimadzu) with the KBr pellet technique.  
3.2.2 Thermogravimetric analysis (TGA)  
In this technique, the change in the weight of sample is measured while the sample 
is heated at a constant rate. TGA is effective for quantitative analysis of thermal 
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reactions that are accompanied by mass changes, such as dehydration, evaporation, 
decomposition, and desorption. In this thesis, TGA was conducted on a thermal 
analysis instrument (SDT 2960, TA Instruments, New Castle, DE) with a heating rate 
of 10 °C/min in N2 or air flow of 100 mL/min. 
3.2.3 Electron microscope 
Field-emission scanning electron microscopy (FESEM, JEOL, JSM-6700F) is used 
to examine, document, and analyze the surface morphology, or near surface structure 
of materials and components. A high-resolution transmission electron microscopy 
(HRTEM, JEOL-2100, 200 kV) is used to reveal the internal structure of the materials.  
3.2.4 Physical adsorption of nitrogen 
Nitrogen adsorption-desorption isotherms were measured on a Micromeritics ASAP 
2020 system at -196 °C. Prior to adsorption, the samples were degassed at 200 °C for 4 
h under vacuum. The specific surface areas of samples were calculated by using the 
Brunauer-Emmett-Teller (BET) method in the relative pressure of 0.05-0.25. The pore 
size distribution (PSD) curves were derived from the desorption branches of the 
isotherms using the Barrett-Joyner-Halenda (BJH) method from the adsorption or 
desorption isotherms of some samples. The total pore volumes were calculated from 
the adsorption quantity at a relative pressure of P/Po ≈ 0.95. 
3.2.5 Power X-ray diffraction (XRD)  
   X-ray diffraction (XRD) takes advantages of the coherent scattering of x-ray by 
crystalline materials to obtain a wide range of crystallographic information. The 
samples in this thesis were characterized by using XRD on a Shimadzu XRD-6000 
diffractometer (Cu Kα radiation, λ=0.15418nm) operated at 40 kV and 30 mA with a 
scanning speed of 3.00 (deg/min).  
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3.2.6 X-ray photoelectron spectroscopy (XPS)  
    The surface chemical compositions of the samples were investigated by a PHI-5300 
ESCA spectrometer (PerkinElmer) with an energy analyzer working in the pass energy 
mode at 35.75 eV and Al KR line was used as the excitation source. Prior to the peak 
deconvolution by a software package XPS peak 4.1, the baseline was subtracted 
(Shirley-type), and all peaks were assumed to be Gaussian type. The calibration of 
binding energy (BE) of the spectra was referenced to the C 1s electron bond energy 
corresponding to graphitic carbon at 284.6 eV. 
3.2.7 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique used to study vibrational, 
rotational, and other low-frequency modes in a system. It relies on inelastic scattering, 
or Raman scattering, of monochromatic light, usually from a laser in the visible, near 
infrared, or near ultraviolet range. The laser light interacts with phonons or other 
excitations in the system, resulting in the energy of the laser photons being shifted up 
or down. The shift in energy gives information about the phonon modes in the system. 
In this thesis, the Raman spectra were carried out using a WITEC CRM200 Raman 
system with a 532 nm laser (2.33 eV) source and 100x objective lens.  
 




SYNTHESIS AND CAPACITIVE PERFORMANCE OF 
MANGANESE OXIDE NANOSTRUCTURES 
 
4.1 Introduction   
Manganese oxides have a long history as electrode materials for batteries because 
of their low cost and relatively high energy density (Cheng et al., 2005). As discussed 
in the literature review, intensive research efforts have been made on exploring 
manganese oxides as electrode materials for supercapacitor applications. When used as 
supercapacitor electrodes, nanostructured materials can be benefit to the 
electrochemical performance due to their unique features, such as high specific surface 
and small size (Lee and Kim, 2001; Simon and Gogotsi, 2008). A vast number of 
methods, including the hydrothermal method, the sol-gel method, the co-precipitation 
method, and the electrochemical deposition method, have been reported to synthesize 
manganese oxide nanostructures (Pang et al., 2000; Toupin et al., 2002; Reddy and 
Reddy, 2003; Wang and Li, 2003; Subramanian et al., 2005; Portehault et al., 2008; 
Wei et al., 2011). The amorphous manganese dioxide (MnO2) with a BET surface area 
of 303 m
2
/g exhibited a specific capacitance of about 200 F/g (Lee and Goodenough, 
1999). In contrast, the specific capacitances of crystalline a-MnO2 electrodes varied 
from 80 to 110 F/g, lower than that of amorphous MnO2 electrode (Thierry et al., 
2006). The specific capacitances of crystalline β-MnO2, γ-MnO2, and δ-MnO2 
electrodes were reported to be about 5, 30, and 70 F/g, respectively, all lower than that 
of a-MnO2 (Devaraj and Munichandraiah, 2008). The results revealed that the 
capacitive properties of MnO2 nanostructures are dependent on their crystallographic 
structures (Subramanian et al., 2005; Thierry et al., 2006; Xu et al., 2007b). In addition, 
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the physicochemical properties of manganese oxide nanostructures varied with the 
preparation methods because different methods usually resulted in different surface 
states and defects (Sui et al., 2009). Therefore, it is important to exploit electrode 
materials with good electrochemical performance by proper controlling both structural 
and surface properties of manganese oxides during materials preparation and 
processing. In this Chapter, hydrous MnO2 nanostructures with different morphologies 
were synthesized, and their capacitive properties were evaluated.  
4.2 Experimental section 
4.2.1 Synthesis of MnO2 nanostructures 
Hydrous MnO2 nanostructures were synthesized using a low-temperature catalytic 
method. In a typical synthesis, 1.4 g of manganese acetate (Mn(CH3COO)2) and 2.4 g 
of potassium persulfate (K2S2O8) were respectively dissolved in 60 ml of deionized 
(DI) water. Then, 150 μl of silver nitrate (100 mM) was added into the K2S2O8 solution. 
The two solutions were mixed under stirring at 60 ºC. After 12 h, the precipitates were 
filtrated off, washed with DI water and ethanol, and dried at 60 ºC for 12 h. The other 
two samples were also synthesized similarly by using the same method and 1 M H2SO4 
or NH3·H2O is added to regulate the pH conditions. The solid samples thus obtained 
under different pH conditions (~11, 8, and 1) are designated as MnO2–B, MnO2–N, 
and MnO2–A, respectively. 
4.2.2 Material characterization 
The structural and compositional properties of samples were characterized by 
using XRD, FT-IR, TGA, XPS, FESEM, and HRTEM methods, respectively. The 
specific surface area was measured according to Nitrogen adsorption-desorption 
isotherms (detailed in Chapter 3). Electrochemical measurements were performed with 
an Autolab PGSTAT302N. The electrochemical cell had configuration with a bright Pt 
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plate as the counter electrode and an Ag/AgCl electrode as the reference electrode. A 
polished glassy carbon working electrode (GCE) of 5 mm in diameter was used as a 
current collector. An electroactive sample was mixed with acetylene black (mass ratio 
= 80:20) and ethanol to achieve a slurry. A small amount of Nafion solution (0.5 wt%) 
was added to paste the slurry on the GCE. A 0.5 M Na2SO4 solution was employed as 
electrolyte. 
4.3 Results and Discussion 
4.3.1 Synthesis and characterization of hydrous MnO2 nanostructures 
In the synthesis process, Mn(CH3COO)2 was oxidized by K2S2O8 at 60 °C in the 











Figure 4.1 shows the XRD patterns of samples MnO2-A, MnO2-N, and MnO2-B. The 
XRD pattern of MnO2-A (Figure 1a) shows a series of diffraction peaks, which can be 
indexed to the characteristic reflections of α-MnO2 phase (JCPDS Card, No. 44-0141) 
(Li et al., 2005a; Sui et al., 2009). As for the XRD pattern of samples MnO2-N (Figure 
4.1b) and MnO2-B (Figure 4.1c), the main peaks can also be indexed to the α-MnO2 







where D is the crystallite size, β is the broadening of the diffraction peak at half height, 
λ is the wavelength of incident radiation (1.54060 Å) and k is a constant that depends 
on the reflection symmetry and generally taken as k = 0.9 or 1. According to this 
equation, the average crystallite size for MnO2-B, MnO2-N, and MnO2-A is about 12.9, 
19.2, and 20.4 nm, respectively. The weak and broad XRD peaks for MnO2-B would 
be contributed to the smaller crystallite size. The peak at about 22.2 ° observed on 
sample MnO2-N as indicated by a star is contributed to the diffraction of impurity. The 
  Chapter 4. Synthesis and Capacitive Performance of Manganese Oxide Nanostructures  
50 
 
present results indicate that the acidic condition is favorable for the formation of highly 
crystalline α-MnO2.  
 
Figure 4.1 XRD patterns of MnO2-A (a), MnO2-N (b), and MnO2-B (c) 
 
Figure 4.2 shows the FESEM images of MnO2-B, MnO2-N, and MnO2-A. The 
low-magnification images of MnO2-B (Figure 4.2a) and MnO2-N (Figure 4.2c) show 
the large aggregated clusters. The enlarged image shown in Figure 4.2b reveals that 
MnO2-B consists of nanowires, which are entangled with one another to form large 
aggregates. In contrast, MnO2-N consists of nanoplates and nanowires. The sample 
synthesized under acidic conditions, MnO2-A, is composed of a great number of 
intercrossed nanorods with sharp tips, exhibiting an urchin-like morphology (Figures 
4.2e and f). 




Figure 4.2 FESEM images of MnO2-B (a, b), MnO2-N (c, d), and MnO2-A (e, f).  
 
Figure 4.3 shows the HRTEM images of MnO2-B, MnO2-N, and MnO2-A. It can 
be seen that MnO2-B is composed of nanowires. The enlarged image shown in Figure 
4.3b reveals a belt shape of the nanowires. The HRTEM image of the individual 
nanobelts shows the clear lattice fringes. The lattice spacing between adjacent lattice 
planes is ~0.49 nm in Figure 4.3c, corresponding to the distance of two neighboring 
(200) crystal planes in α-MnO2 (Li et al., 2005a). The corresponding fast Fourier 
transform pattern (FFT) of the individual nanobelts in Figure 4.3d shows the 
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diffraction spots, indicating the good crystalline nature of an individual nanobelt. 
Sample MnO2-N in Figure 4.3e contains both nanoplates and nanowires. The lattice-
resolved HRTEM image (Figure 4.3f) reveals a lattice spacing of ~0.24 nm, indicating 
the presence of α-MnO2 phase. The TEM image in Figure 4.3g shows that MnO2-A 
consists of intercrossed nanorods. The enlarged image of typical nanorods shown in 
Figure 4.3h exhibits a pyramidal morphology of the nanorods. The HRTEM image 
depicted in Figure 4.3i reveals the lattice spacing of the nanorods of ~0.69 nm, the 
distance between two (110) crystal planes, confirming the formation of α-MnO2 (Xu et 
al., 2007b). According to the FESEM and HRTEM images, it can be concluded that 
the morphology and structure of the manganese dioxide materials are strongly 
dependent on the pH of the synthesis system.  
To investigate the formation mechanism of manganese dioxide nanostructures 
synthesized under different pH conditions, intermediates were collected after different 
times and characterized using the FESEM technique. Figure 4.4 shows the FESEM 
images of the intermediates collected after different reaction times. It is seen from 
Figure 4.4(a1) that the intermediate synthesized in an acidic medium after 1h reaction 
displays a three-dimensional (3D) spherical morphology resembling a ball of 
nanosheets. Figure 4.4(a2) shows the morphology of intermediates collected after 4h, 
exhibiting the spherical structures with lots of sharp nanorods on the surface. Upon 
further increasing the reaction time to 8h, the spheres transform to an urchin-like 
structure consisting of nanorods. According to the FESEM results, it is believed that 
the urchin-like structure forms via a ripening process or dissolution-recrystallization 
process because of the great differences between the morphologies of intermediates 
and the final product. Initially, the fast formation of MnO2 resulted in the aggregation 
of plates to form spheres under acidic solutions because the reaction between 
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Mn(CH3COO)2 and K2S2O8 was greatly accelerated in the presence of Ag
+
 ions even at 
room temperature. Then, the epitaxial growth of nanorods on the surface of 
microsphere occurred with slower reaction rate due to the decrease in the concentration 
of reactants. As reaction proceeded, the whole system was transferred to a 
thermodynamically stable environment due to the exhaustion of reactants (Li et al., 
2005b). With increasing reaction time, the MnO2 plates dissolved and then 
recrystallized along the previously formed nanorods because of the one-dimensional 
(1D) growth habit of α-MnO2 crystal (Wang and Li, 2002; Wang and Li, 2003; Huang 
et al., 2008c), resulting in the formation of the urchin-like structures (Li et al., 2005b). 
Figures 4.4(b1)-(b3) show the morphologies of intermediates during the formation of 
MnO2–N. The FESEM image of the intermediate collected after 1h reveals nanorod 
clusters along with a few of lamellar structures. Further increasing reaction time leads 
to the formation of clusters with larger nanorods (Figure 4.4(b2)), which may be due to 
growth of newly formed MnO2 colloids on the early formed ones. As reaction 
proceeded, the intermediate gradually transforms to nanowires and nanoplates (Figure 
4.4(b3)). MnO2-B undergoes a similar process (Figures 4.4(c1)-(c3)). The initially 
formed clusters consisting of small nanosheets undergo a transformation to nanobelts 
with increasing the reaction time.  
 




Figure 4.3 TEM and HRTEM images of MnO2-B (a to c), MnO2-N (e and f), and 
MnO2-A (g to i). The corresponding FFT pattern of obtained from the HR-TEM image 
c (d). 
 
   
 




Figure 4.4 FESEM images of the intermediates of MnO2-A (a1-a3), MnO2-N (b1-b3), 
and MnO2-B (c1-c3) collected at different times: 1h (a1, b1, c1), 4h (a2, b2, c2), and 
8h (a3, b3, c3). The scale bars are 400 nm. 
According to the above observations, it is believed that the formation of MnO2–A, 
MnO2–N, and MnO2–B undergo a similar ripening process, which is characteristic of a 
dissolution-recrystallization process. However, the morphology differences between 
the final products were observed. The formation of MnO2-A is in agreement with the 
previously reported results (Li et al., 2005b; Yu et al., 2009). The present results 
indicate the morphologies of manganese oxides are significantly dependant on the pH 
condition of reaction systems, although other factors might also influence the growth 
of MnO2 nanostructures. 
Figure 4.5 shows the FT-IR spectra of the samples. The strong peaks of MnO2–B, 
MnO2–N, and MnO2–A located at the wavenumbers less than 800 cm
-1
 are due to the 
characteristic Mn-O stretching vibrations in manganese oxides (Sui et al., 2009). For 
MnO2–B and MnO2–N, the peaks centered at about 3400 cm
-1
 and about 1633 cm
-1
 are 
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contributed to the O-H stretching vibration and O-H bending vibration of adsorbed 
water molecules, respectively (Ni et al., 2009). The FT-IR results indicate the presence 
of absorbed water within the structures of as-prepared samples. As for MnO2–A, only 
broad humps related to adsorbed water are seen (Figure 4.5c), which is likely to be 
contributed to the decrease of water content in MnO2–A.  
 
Figure 4. 5 FT-IR curves of MnO2–B (a), MnO2–N (b), and MnO2–A (c). 
 
Figure 4.6 shows the TGA and DrTGA curves of the samples. Three major weight 
loss events can be seen from the DrTGA curves (Figure 4.6 b). The first weight loss 
event below 250 °C originates from the physically adsorbed water while the 
subsequent wet loss peak below 500 °C arises from the removal of structural water 
(Devaraj and Munichandraiah, 2008), suggesting the hydrous nature. The last weight 
loss event at about 550 °C is due to the transformation of manganese dioxide (MnO2) 
to manganese sesquioxide (Mn2O3) (Yu et al., 2009). In addition, the weight loss 
below 500 °C for sample MnO2–A (~5 wt%) is lower than that (~8 wt%) of MnO2–B 
and MnO2–N, indicating a decrease in the water content in MnO2-A.  




Figure 4.6 TGA curves (a) and the corresponding derivative weight loss curves (b) of 
MnO2–B, MnO2–N, and MnO2–A. 
 
Figure 4.7 shows the N2 adsorption-desorption isotherms and the BJH pore size 
distribution curves. MnO2–B and MnO2–N (Figure 4.7a) exhibit the similar isotherm 
with a hysteresis loop in the relative pressure range of 0.7 < P/P0 < 1.0, indicating the 
existence of mesopores (Xu et al., 2007b; Ni et al., 2009). In contrast, the N2 
adsorption-desorption isotherm of MnO2–A (inset of Figure 4.7a) exhibit a hysteresis 
loop in a broader relative pressure range of 0.45 < P/P0 < 1.0. The abrupt nitrogen 
uptake occurring at 0.9 < P/P0 suggests the presence of an interstitial space between the 
nanostructures (e.g., nanowires, nanorods) of MnO2–B, MnO2–N, and MnO2–A. 
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Indeed, the BJH pore size distribution curves derived from the desorption branches 
(Figure 4.7b) reveal the presence of the bimodal mesopores for MnO2–B. However, the 
bimodal distribution is not obvious for MnO2–N. For sample MnO2–A, only pores with 
average diameter of about 3.8 nm can be seen. According to the FESEM and TEM 
observations, the small pores can be contributed to the interstitial space from the 
interleaving nanowires or nanorods.  
 
Figure 4.7 N2 adsorption-desorption isotherms (a) and the corresponding pore size 
distributions (b) of MnO2–B, MnO2–N, and MnO2–A. Inset of Figure 10(a) shows the 
enlarged N2 adsorption-desorption isotherm of MnO2–A. 
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Table 4.1 reports the specific surface area, total pore volume, and average particle 
size of MnO2–B, MnO2–N, and MnO2–A. The BET surface area (181 m
2
/g) and the 
total pore volume (0.86 cm
3
/g) of MnO2–B are largest than those of MnO2–N and 
MnO2–A. The high surface area and large pore volume of MnO2-B are essential for 
providing a high capacitance. Besides, an appropriate content of adsorbed water is 
favorable for enhancing the diffusion of ions within the active material (Zheng et al., 
1995; McKeown et al., 1999).  
Table 4.1. The specific surface area, total pore volume, and average particle size of 
MnO2–B, MnO2–N, and MnO2–A. 








Average particle size 
(nm) 
MnO2–B 181 0.86 33 
MnO2–N 99 0.52 61 
MnO2–A 31 0.08 192 
 
4.3.2 Capacitive performance of hydrous manganese dioxide nanostructures. 
The capacitive performances of MnO2-B, MnO2-N, and MnO2-A were 
characterized by using cycle voltammetry. The cyclic voltammograms (CVs) of MnO2-
B electrode were measured in 0.5 M Na2SO4 electrolyte at the scan rates of 100, 50, 25, 
10, 5, and 2 mV/s, respectively. The CV curves (Figure 4.8a) show nearly rectangular 
shapes, indicating the good electrochemical capacitive behavior. No redox peak can be 
seen on the CV curves at different scan rates, indicating that the charge-discharge 
process of the active materials occurs at a pseudo-constant rate over the whole 
potential window (Xu et al., 2007b). The current densities of MnO2-B, MnO2-N, and 
MnO2-A at 0.5 V in response to the scan rates are shown in Figure 4.8b, respectively. 
The linear relationship confirms good capacitive behaviors, because the capacitive 
current is linear to the scan rate under cycle voltammetry (Liu et al., 1998).  




Figure 4.8 Cyclic voltammograms of MnO2–B in 0.5 M Na2SO4 at different scan rates 
of 100, 50, 25, 10, 5, 2 mV/s (a). The relationship of anodic and cathodic current with 
scan rates for MnO2–B, MnO2–N, and MnO2–A, respectively (b).  
 
The CV curves of MnO2-B, MnO2-N, and MnO2-A in 0.5 M Na2SO4 electrolyte at 
scan rates of 10 and 100 mV/s are shown in Figure 4.9. At the scan rate of 10 mV/s, 
the CV profiles (Figure 4.9a) of MnO2-B, MnO2-N, and MnO2-A are rectangular 
shapes, suggesting the good capacitive behavior at a low scan rate. At an increased 
scan rate of 100 mV/s, the rectangular shape of CVs is maintained with only slight 
distortion at the switching potential, which reveals that samples possess good 
reversibility at a higher scan rate. It is noted that the area under the CV curves 
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represents the total amount of stored charge (Q). Thus, the large area of an electrode 
generates a large capacitance at the given potential window and mass loading of 
electrode material (Toupin et al., 2004). The largest area for MnO2-B indicates the 
highest capacitance. The CVs indicates that charge storage is strongly dependent on 
the morphology of manganese oxide nanostructures.  
The capacitive performance was also investigated by using the charge/discharge 
technique, and the results are shown in Figure 4.10. It is seen that the charge/discharge 
profiles of all samples exhibit isosceles triangle-like shapes at a current density of 1.0 
A/g, indicating the good reversibility. Table 4.2 summarizes the specific capacitances 
at different current densities. It is seen that the specific capacitance in 0.5 M Na2SO4 
follows MnO2–B > MnO2–N > MnO2–A at a given current density. For example, the 
specific capacitances of MnO2–B, MnO2–N, and MnO2–A at a current density of 1.0 
A/g are 199, 139, 121 F/g, respectively. MnO2–B shows the highest specific 
capacitance (262 F/g) at a current density of 0.25 A/g. The specific capacitance is 
superior to those reported in the literatures, including flowerlike MnO2 (121.5 F/g at 
the current density of 1.0 A/g) (Ni et al., 2009), α-MnO2 (the maximum capacitance 
with a value of 152 F/g) (Tang et al., 2009), and MnO2 nanostructures (205 F/g at a 
current density of 0.2 A/g) (Subramanian et al., 2008).  
 




Figure 4.9 Cyclic voltammograms of MnO2–B, MnO2–N, and MnO2–A in 0.5 M 
Na2SO4 at the scan rate of 10 mV/s (a) and 100 mV/s (b). 
 
 
Figure 4.10 Charge/discharge curves of MnO2–B, MnO2–N, and MnO2–A in 0.5 M 
Na2SO4 at the current density of 1.0 A/g. 
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Table 4.2. The specific capacitances of MnO2–B, MnO2–N, and MnO2–A in 0.5 M 
Na2SO4 at the different current densities. 
 
Sample Specific capacitance (F/g) 
5.0 A/g 2.0 A/g 1.0 A/g 0.5 A/g 0.25 A/g 
MnO2–B 167 176 199 234 262 
MnO2–N 119 124 139 160 193 
MnO2–A 100 110 121 140 161 
 
To evaluate the long-time cycling stability of MnO2–B, MnO2–N, and MnO2–A, 
the capacitive retention was measured by continuous charge/discharge experiment at a 
current density of 5.0 A/g. The relationship between the capacitive retention and the 
cycle number is shown in Figure 4.11. After 1200 cycles, the capacitive retention of 
MnO2–B is about 75 %, indicating an acceptable stability. MnO2–N exhibits a 
comparable capacitive retention of about 71 %. As for MnO2–A, the capacitive 
retention quickly decreases to about 56 % in the first 300 cycles. Then, the capacitance 
is almost constant with a capacitive retention of about 55% after 1200 cycles.  
XPS was employed to characterize MnO2–B and MnO2–A before and after the 
long-time stability test. The core-level XPS signals of O 1s and Mn 2p are shown in 
Figure 4.12. The O1s spectra could be deconvoluted into oxide (Mn-O-Mn), hydroxide 
(Mn-O-H), and water (H-O-H) (Wei et al., 2009b). Table 4.3 summarizes the 
deconvoluted data. For MnO2–B and MnO2–A, the peak centered at about 529.6 eV 
(Figure 4.11(a)) is ascribed to lattice oxygen O
2-
 from Mn–O–Mn. The peaks at about 
532 eV are due to hydroxyl groups in Mn–O–H. Figure 4.12b exhibits Mn 2p1/2 and 
Mn 2p3/2 signals centered at about 642.0 and 653.5 eV (Subramanian et al., 2005). 
After 1200 cycles, a higher content of hydroxide oxygen (Mn-OH), water (H-O-H) and 
a lower content of oxide (Mn-O-Mn) were observed on MnO2–B and MnO2–A. The 
core level XPS signals of Mn 2p (Figure 4.12b) also show a decrease in the intensity. 
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These observations indicate the irreversible transformation from MnO2 to MnOOH 
might occur during the charge/discharge process.  
 
Figure 4.11 Cycle life of MnO2–B, MnO2–N, and MnO2–A in 0.5 M Na2SO4 at the 
current density of 5.0 A/g between 0 and 0.9 V. 
 
 
The changes in the XPS signals of O1s and Mn2p can be elucidated according to 
the charge storage mechanism of MnO2. Here, two mechanisms are outlined to help us 
to understand charge storage in MnO2-based electrodes. For crystalline MnO2, the 
dominant one is the bulk redox reaction between manganese (III) and manganese (IV) 
involved insertion and extraction of protons or alkali cations in the bulk of active 
material according to the following equation (Athouël et al., 2008; Wei et al., 2009b): 
)2.4(2 MnOOMeMMnO 

           
With respect to amorphous MnO2, the mechanism is mainly due to a surface 
faradic reaction involving surface adsorption/desorption of electrolyte cations on the 
MnO2 electrode (Devaraj and Munichandraiah, 2008):  
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For MnO2-A with a good crystallinity, it is believed that the charge storage 
process is mainly governed by the insertion and extraction of Na
+
 ions from electrolyte 
in the bulk of manganese oxide nanorods. According to the XPS results (Table 4.3), 
the content ratio of Mn–O–Mn decreased from 59.8% to 13.6% whereas that of Mn-
OH increased from 27.9% to 52.5% after 1200 cycles of charge/discharge cycling. The 
observed changes on the XPS signals of O1s would be contributed to the irreversible 
transformation from MnO2 to MnOOH, because the lattice strain caused by the 
insertion/extraction of Na
+
 during the charge/discharge process would eventually result 
in the poor cycling stability of MnO2-A (Lin and Chen, 2009). In contrast, for MnO2-B 
the XPS data exhibited a small increase in the hydroxide (36.1 % to 38.0 %) and a 
small decrease (57.8 % to 41.4 %) in oxide, suggesting a weak influence from the 
strain effect. The poor crystallinity and the small particle size of MnO2-B would 
facilitate the surface faradic reaction and easily release the lattice strain caused by the 
insertion/extraction of Na
+
, leading to the better capacitive retention. 
Table 4.3. Core-level XPS analysis of samples MnO2-B and MnO2-A before and after 
the stability test. 
Sample   Mn 
2p3/2 
O 1s (eV) 
  Mn-O-Mn Mn-OH H-O-H 
MnO2-B as-prepared BD (eV)
a
 642.0 529.6 531.5 533.4 





 642.1 529.7 531.9 533.8 
Area %  41.4 38.0 20.6 
MnO2-A as-prepared BD (eV)
a
 641.8 529.6 531.3 533.2 





 641.9 529.8 531.9 533.2 
Area %  13.2 52.5 34.3 
a
 Binding energies of peak position. 




Figure 4.12 Core-level XPS curves of O 1s (a) and Mn 2p (b) for MnO2–B and MnO2–
A before and after 1200 cycles test. 
 
4.4 Summary 
Hydrous manganese dioxide (MnO2) nanostructures were synthesized by using a 
redox reaction method at a mild temperature. The morphologies of MnO2 
nanostructures were found to be different in the reaction systems with different pH. 
With increasing the pH of reaction systems, the morphology of MnO2 nanostructures 
changed from urchin-like structures to nanobelts. The electrochemical results showed 
that the MnO2 nanostructure with a high surface area obtained in a base solution 
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exhibited the superior performance in comparison with the other MnO2 nanostructures. 
A specific capacitance of 262 F/g at a current density of 0.25 A/g and a capacitive 
retention of 75 % after 1200 cycles were achieved.  
 
   Chapter 5. Synthesis and Capacitive Performance of Manganese Oxide Nanosheets  




SYNTHESIS AND CAPACITIVE PERFORMANCE OF 
MANGANESE OXIDE NANOSHEETS DISPERSED ON 
FUNCTIONALIZED GRAPHENE SHEETS 
 
5.1 Introduction 
In Chapter 4, the hydrous MnO2 nanostructures with a high surface area yielded a 
high specific capacitance, showing the effect of microstructure on the capacitive 
performance. Over the past few years, various manganese oxide nanomaterials with 
controlled morphologies and structures have been prepared as supercapacitor 
electrodes (Zhang and Chen, 2008; Song et al., 2010; Xu et al., 2010; Zhang et al., 
2010a) (Wei et al., 2011). However, the specific capacitances are still far smaller than 
the theoretical value of manganese oxides. In particular, the poor electrical 
conductivity of manganese oxides results in the compromise of rate capability, largely 
limiting their applications in high-power supercapacitors (Lee and Kim, 2001). In 
order to address these problems, nano-sized manganese oxides have been incorporated 
with highly conductive carbon materials, such as carbon aerogel (Fischer et al., 2007), 
carbon nanotubes (Jin et al., 2007; Ma et al., 2007; Bordjiba and Bélanger, 2009), 
porous carbon (Fischer et al., 2008; Zhang et al., 2009a), and graphite (Wu et al., 2008) 
to prepare composite materials, which would be advantageous in designing high-
performance supercapacitor electrodes. The superior features of carbon materials in the 
composites are their dual functions both as electrode materials for EDLC and 
conductive agents to improve the electrical conductivity of manganese oxides, leading 
to the improved capacitive performance of composite materials.  
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Graphene, a two-dimensional carbon material with unique mechanic and 
electronic properties, offers a good opportunity to fabricate graphene-metal oxide 
composites as electrode materials (Liu et al., 2010b). To exploit the potential of 
graphene-based materials for wide applications, many efforts have been focused on the 
functionalization of reduced graphene oxide (RGO) to improve the diversity of 
graphene. Covalent functionalization of RGO sheets can be carried out according to 
nitrene chemistry (Zhang et al., 2010f). Functional group, such as amino, bromine, and 
long alkyl chain, could be anchored on RGO sheets, providing a general way to 
produce functionalized RGO sheets. In this Chapter, functionalization of RGO with 
poly(diallyldimethylammonium chloride) was achieved to change the surface of RGO 
from negatively charged to positively charged nature. The functionalization of RGO 
offers several advantages: (1) to prevent RGO from restacking after reduction due to 
the loss in surface oxygen-containing groups, (2) to improve the hydrophilic property 
of RGO, (3) to transfer the surface form negatively charged to positively charged 
nature. On the other hand, manganese oxide nanosheets, which are negatively charged, 
were synthesized at room temperature. Therefore, a layered structure consisting of 
functionalized RGO and manganese oxide nanosheets was prepared by taking the 
advantage of the strong electrostatic interactions between them. More importantly, the 
composite material exhibited enhanced capacitive performances as supercapacitor 
electrodes.  
5.2 Experimental Section 
5.2.1 Preparation of chemically exfoliated graphene oxide 
The graphene oxide used in this thesis was prepared from natural graphite by 
using a modified Hummers method (Hummers Jr and Offeman, 1958). 5 g of graphite 
and 2.5 g of sodium nitrate (NaNO3) were mixed with 160 mL of concentrated sulfuric 
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acid (H2SO4, 95%,) in a 500 mL flask. After the mixture was stirred for 30 min in an 
ice bath, 18 g of potassium permanganate (KMnO4) was added under vigorous stirring. 
The rate of addition was carefully controlled to keep the reaction temperature lower 
than 20 °C. After the mixture was continuously stirred at room temperature overnight, 
150 mL of deionized (DI) water was slowly added under vigorous agitation. After the 
diluted suspension was stirred for one day, 50 mL of 30 wt.% H2O2 was added to the 
mixture. Finally, the mixture was washed by rinsing and centrifugation with 5 wt. % 
HCl and then DI water for several times. Chemical exfoliation of thus-obtained 
graphite oxide was carried out in an ultrasonic bath. After ultrasonication, a GO colloid 
was obtained. The GO colloid was repeatly washed with a large amount of DI water 
until the pH value of the colloidal suspension is about 5. 
5.2.2 Functionalization of RGO with poly(diallyldimethylammonium chloride) 
In a typical preparation, GO (4 mg/mL) was diluted with 250 mL of deionized 
water under sonication. After 5 min, 0.4 mL of aqueous ammonia (NH3·H2O, 30 wt%), 
a given amount of poly(diallyldimethylammonium chloride) (PDDA), and 0.3 mL of 
aqueous hydrazine (N2H4, 35 wt%) were added into the GO suspension. Subsequently, 
the mixture was stirred at 95 °C for 2 h. After cooling to room temperature, the solids 
were separated by a centrifuge and washed with deionized water. For convenience, the 
sample was named FRGO-p. 
5.2.3 Preparation of a colloidal suspension of manganese dioxide nanosheets 
The colloidal suspension of manganese dioxide nanosheets were synthesized 
according to the reported method with a slight modification (Kai et al., 2008). In a 
typical synthesis, 2.4 g of manganese nitrate (Mn(NO3)2) was dissolved in deionized 
water (40 mL). 6.9 mL of H2O2 and 17.2 mL of tetramethylammonium hydroxide 
(TMA·OH) were mixed and diluted to 80 mL. The solution was added to the 
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Mn(NO3)2 solution under vigorous stirring. The mixture was stirred at room 
temperature overnight. The resulting suspension was dialyzed in deionized water for 
48 h. The colloidal suspension of MnO2 nanosheets was obtained by using a centrifuge 
to separate the precipitate at the speed of 8000 rpm. 
5.2.4 Dispersion of manganese dioxide nanosheets on FRGO-p 
MnO2 nanosheets were dispersed on FRGO-p through an electrostatic co-
precipitation method. Typically, 105 mL of MnO2 nanosheets (0.2 mg/mL) was mixed 
with 105 mL of FRGO-p solution (0.085 mg/mL) under sonication. Then, the mixture 
was allowed to stand at room temperature for 2 h. The precipitates were washed with 
deionzied water and dried at 60 °C. The obtained sample was denoted as FRGO-p-
MnO2. 
5.2.5  Preparation of Na-typed birnessite 
Na-typed birnessite sheets were prepared as follows. First, 50 mL of Na2SO4 (30 
mM) solution was added to the colloidal suspension of MnO2 nanosheets (0.5 mg/mL) 
under sonication. Then, the mixture was allowed to stand at room temperature for 2 h. 
The precipitate was washed with deionic water and dried at 60 °C. The obtained 
sample was denoted as Na/MnO2. 
5.2.6  Characterization 
Samples were characterized using XRD, XPS, TGA, FESEM, and HRTEM 
techniques that have been described in Chapter 3. The zeta-potential measurement of 
GO, FRGO-p, and MnO2 suspensions was carried out by means of a ZetaPlus Zeta-
Potential Analyzer (Brookhaven Instruments Corporation, Holtsville, NY) quipped 
with a 570 nm laser. The pH of the colloidal suspensions was adjusted by using 
sodium hydroxide or nitric acid solution. An Autolab PGSTAT302N was used to 
measure the electrochemical properties of samples at ambient temperature. The 
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electrochemical cell had a three-electrode configuration with a bright Pt plate as the 
counter electrode and an Ag/AgCl electrode as the reference electrode. The working 
electrodes were prepared by mixing active material, acetylene black, and 
polytetrafluoroethylene (PTFE) with a ratio of 85:10:5. A small amount of ethanol was 
added to make a homogeneous mixture. The slurry of the mixture was pressed on a 
nickel foam and dried at 95 C for 4 h. 1 M Na2SO4 solution was employed as the 
electrolyte. 
5.3 Results and Discussion 
The colloidal suspension of MnO2 nanosheets was investigated by using UV-
visible absorption spectrum. The UV-visible spectra (Figure 5.1) show an optical 
absorption with a broad peak centered at about 370 nm, attributing to the d-d transition 
of Mn ions in the MnO6 octahedra of MnO2 monosheets (Omomo et al., 2003; Kai et 
al., 2008). Additionally, the concentration of MnO2 sheets is linear with the absorbance, 
indicating the formation of the colloidal suspension of MnO2 nanosheets. 
 
Figure 5.1 UV absorption profiles of colloidal suspension of MnO2 nanosheets as a 
function of concentration. 
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The electrostatic interaction governing the fabrication of FRGO-p and MnO2 
sheets was investigated by varying the pH of these colloidal suspensions. Figure 5.2 
shows the zeta-potential profiles of surface charges of FRGO-p and MnO2 nanosheets 
as a function of pH. As a comparison, the zeta-potential profile of GO is also shown. In 
the measured pH range, GO is negatively charged due to the ionization of functional 
groups (Li et al., 2008). In contrast, FRGO-p is positively charged due to surface 
functionalization. The electrostatic interaction between PDDA and RGO sheets leads 
to effectively adsorption of the positively charged PDDA onto negatively charged 
RGO sheets (e.g., -COO
-
). Recent spectroscopic results reveal that the π-π interaction 
between the unstaturated contaminant in the PDDA chains and RGOs contributes to 
the formation of PDDA functionalized RGO (Yang et al., 2005; Shao et al., 2010), 
transferring the surface charges from negative to positive. A similar result has been 
observed on the functionalized carbon nanotubes (Yang et al., 2005). The zeta-
potential of colloidal suspension of MnO2 nanosheets was investigated in the pH range 
of 4 ~ 10, revealing negatively charged surface. Therefore, the composite of FRGO-p 
and MnO2 nanosheets would be prepared via the electrostatic co-precipitation method 
(see Figure 5.3).  
 
Figure 5.2. Zeta-potential profiles of GO, FRGO-p, and MnO2 nanosheets. 
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Figure 5.3 A digital photograph of FRGO-p, MnO2 colloidal suspension, and FRGO-
p-MnO2. 
 
Figure 5.4 shows XRD patterns of samples. For sample GO, the sharp peak at 
about 2 = 10.4° (Figure 5.4a) corresponds to the (002) reflection of stacked GO 
sheets  with an interlayer spacing of 0.86 nm, much larger than that of pristine graphite 
(0.34 nm). This suggests the introduction of oxygen-containing groups on GO sheets 
(Hontoria-Lucas et al., 1995). After chemical reduction of GO, a broad peak can be 
seen from sample RGO (Figure 5.4b), indicating the nonuniform stacking of RGO 
sheets (Stankovich et al., 2007). For sample FRGO-p, no obvious peak but only humps 
is observed in Figure 5.4c. The humps are contributed to the scattering of irregularly 
arranged FRGO-p sheets. When the amount of PDDA is increased to 0.1 wt%, a sharp 
peak at around 5.7° with several humps can be seen (Figure 5.4d), suggesting the 
presence of PDDA in the RGO interlayer after drying. Further increasing the amount 
of PDDA, the position of the peaks does not change but the intensity becomes higher. 
A similar phenomenon was observed on the reassembling manganese oxide sheets with 
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PDDA since the intercalation of PDDA polymer into manganese oxide sheets resulted 
in an ordered layer-stacking (Liu et al., 2002). For sample Na/MnO2, broad peaks 
centered at about 12.4 ° and 24.6 ° (Figure 5.4e) are attributed to the diffraction of 
(001) and (002) planes of the birnessite phase (JCPDS No. 43-1456), suggesting the 
formation of Na-typed birnessite (Song et al., 2010). Sample FRGO-p-MnO2 shows 
the similar XRD pattern (Figure 5.4f) with that of Na/MnO2. The assembly of MnO2 
nanosheets on the surface of FRGO-p sheets might prevent the latter from uniform 
stacking.  
 
Figure 5.4. XRD patterns of GO (a), RGO (b), and RGO functionalized with different 
amount of PDDA: 0.05 wt% (c), 0.1 wt% (d), Na/MnO2 (e), and FRGO-p-MnO2 (f). 
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XPS was employed to characterize the surface chemical compositions and the 
valence states of samples. For the GO sample in Figure 5.5a, the main peak centered at 
about 284.6 eV originates from the graphitic sp
2
 carbon atoms. The binding energy 
located at 286.7 eV and 287.9 eV are due to carbon atoms connecting with oxygenate 
groups, such as C-O and O-C=O (Stankovich et al., 2006; Yang et al., 2010). The C 1s 
XPS spectrum of RGO (Figure 5.5b) exhibits the intensity of peaks related to 
oxygenate groups is much lower than those of GO, suggesting the considerable de-
oxygenation by the reduction process. Additionally, a component centered at 285.6 eV 
is observed, which is attributed to the carbon bounding to nitrogen, C-N and/or C=N 
(Waltman et al., 1993; Stankovich et al., 2006; Stankovich et al., 2007). The high 
resolution C 1s XPS signals of FRGO-p in Figure 5.5c exhibits the same functional 
groups as those of RGO. However, the peak centered at about 285.7 eV, corresponding 
to the carbon bounding to nitrogen, obviously increases in intensity, indicating the 
higher nitrogen atomic content in FRGO-p. Core-level XPS spectra in the binding 
energy range of N1s were obtained on RGO and FRGO-p. For the sample of RGO, the 
trace N is fitted by three component peaks centered at about 399.0, 400.0, and 401.9 
eV in Figure 5.5d, corresponding to pyridinic N, pyrrolic N, and quaternary N, 
respectively (Wang et al., 2010a), which would be introduced by the chemical 
reduction with hydrazine. In contract, the district profile of N peaks is observed on the 
spectrum of FRGO-p (Figure 5.5e). The dominant one centered at about 402.0 eV is 
mainly attributed to the quaternary N from PDDA (Yang et al., 2005), suggesting the 
surface functionalization of FRGO-p. The satellites would be attributed to the nitrogen 
binging to carbon on the surface of FRGO-p. Figure 5.5f shows the core-level XPS 
signal of Mn 2p, revealing the Mn 2p3/2 and 2p1/2 centered at 642.0 and 653.9 eV, 
respectively, indicating that the predominant oxidation state is +4 (Subramanian et al., 
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2005; Li et al., 2006). It should be noted that some of Mn
4+
 ions at the center of MnO6 
octahedra replaced with Mn
3+
 ions, giving a net negative charge, led to the formation 
of colloidal suspension of MnO2 nanosheets due to electrostatic repulsion (Liu et al., 
2007; Nakayama et al., 2010), whereas the net negative charges compensated by the 
cations would lead to the formation of birnessite phase (eg. Na/MnO2) (Song et al., 
2010). 
 
Figure 5.5. High-resolution XPS spectra of C 1s for GO (a), RGO (b), and FRGO-p 
(c), of N 1s for RGO (d) and FRGO-p (e), and of Mn 2p for FRGO-p-MnO2 (f). 
 
The morphologies of FRGO-p, FRGO-p-MnO2, and Na/MnO2 sheets were 
investigated using TEM and FESEM. As shown in Figure 5.6a, the FRGO-p sheets are 
transparent as thin films. Many wrinkles and folds can be observed, showing the two-
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dimensional structure of the RGO sheets (Zhang et al., 2010f). The TEM image 
(Figure 5.6b) of dried MnO2 sheets shows the aggregation of flexible flaky forms, 
which seems to be a wrinkled or crumpled thin paper with many folds. Figure 5.6c 
shows the morphology of FRGO-p-MnO2, which is different from those of the pure 
FRGO-p and the dried MnO2 sheets. However, the profile of layered FRGO-p with 
lateral dimension of micrometers is still observed on the image. Additionally, the large 
folds (as indicated by the arrows in Figure 5.6c) could be observed, attributing to the 
MnO2 nanosheets dispersed on the surface of FRGO-p due to the electrostatic 
interaction. The enlarged image in Figure 5.6d further confirms the intimate contact 
between FRGO-p and MnO2 nanosheets with different shapes, which is important for 
improving electrical conductivity. As shown in Figures 5.6e, Na/MnO2 exhibits a 
porous structure with abundant surface wrinkles. The TEM image in Figure 5.6f 
reveals the layered structure of reassembled MnO2 sheets in a transparent swollen state. 
The thermal stabilities of RGO, FRGO-p, Na/MnO2, and FRGO-p-MnO2 sheets 
were investigated by using TGA. As shown in Figure 5.7a, one characteristic peak on 
the differential thermogravimetric analysis (DrTGA) curve is observed at about 460 ºC. 
The regular weigh loss ended at about 540 ºC is attributed to the removal of the 
adsorbed water, the residual oxygenate groups on the surface of RGO, and the 
subsequent burning of carbon sketch of RGO. Figure 5.7b shows the steps of weight 
loss for FRGO-p. The first step of weight loss is attributed to the removal of the 
interlayer water, the residual oxygenate groups and the carbonization of PDDA chains 
grafted to FRGO-p sheets. The second step of weight loss at about 580 ºC is ascribed 
to the burning of carbon sketch. The latter shifted to a higher temperature compared to 
RGO, indicating the improved thermal stability due to the functionalization of PDDA 
(Zhang et al., 2010f). For the sample of Na/MnO2, the weight loss in the range of 50-
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200 ºC (Figure 5.7c) is due to the removal of absorbed water. The second weight loss 
at about 542 ºC is attributed to the removal of remaining interlayer water and the 
decomposition of MnO2 layers into Mn2O3 (Liu et al., 2007). For the sample of FRGO-
p-MnO2, the weight loss (Figure 5.7d) shows the corporate features of MnO2 and 
FRGO-p. However, the burning of carbon sketch is shifted to a lower temperature 
(around 400 ºC) than that of FRGO-p, resulting from the catalytic effect of manganese 
oxides (Pico et al., 2009; Zhang et al., 2010a). 
 
Figure 5.6. TEM images of FRGO-p (a), MnO2 sheets (b), and FRGO-p-MnO2 (c, d). 
FESEM and TEM images of Na/MnO2 (e, f). 
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Figure 5.7. TGA and DrTGA curves of RGO (a), FRGO-p (b), Na/MnO2 (c), and 
FRGO-p-MnO2 (d). 
 
The capacitive performances of FRGO-p, Na/MnO2, and FRGO-p-MnO2 were 
evaluated by cycle voltammetry (CV) and galvanostatic charge/discharge techniques in 
1 M Na2SO4 solution. The measured currents were transformed to gravimetric 
capacitances by normalizing with the electrode mass. Theoretically, an ideal CV curve 
of an electrochemical capacitor would be of standard rectangular shape since the 
capacitance C (C=i/mυ, i is the current, m is the mass of active material) would keep 
constant at a linear charging/discharging rate (scan rate, υ=dE/dt = constant, E is the 
potential window of charge/discharge, t is the time of charge/discharge) (Zhang and 
Chen, 2008). Figure 5.8a shows the CV curves of FRGO-p at the different scan rates. 
At a low scan rate, FRGO-p exhibits a quasi-rectangle shape with a pair of broad redox 
peaks appeared at about 0.1 and 0.05 V, resulting from the reversible oxidation and 
reduction of functional groups on the surface of FRGO-p sheets (Stoller et al., 2008; 
Xing et al., 2009; Han et al., 2010). CV curves of Na/MnO2 in Figure 5.8b exhibits the 
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slightly redox peaks, suggesting the pseudocapacitance of Na/MnO2 (Zhang and Chen, 
2008). Additionally, the current is delayed to reach a horizontal value after the reversal 
of the potential sweep at a higher scan rate, indicating the increasing resistance. As 
shown in Figure 5.8c, CV curves of FRGO-p-MnO2 exhibits rectangle shapes with 
small redox peaks, the typical behaviors of the combination of EDLC of RGO and 
pseudocapacitance from the redox reaction of MnO2. On the basis of the CV curves, 
we can see that the FRGO-p-MnO2 exhibited the highest capacitance at a constant scan 
rate than those of pure FRGO-p and Na/MnO2, indicating the synergistic effect of 
FRGO-p and MnO2 nanosheets. 
Figure 5.9 shows the galvanostatic charge/discharge curves of FRGO-p, Na/MnO2, 
and FRGO-p-MnO2 in 1 M Na2SO4. All the curves exhibit equilateral triangle shapes, 
indicating the good reversibility during the charge/discharge process. However, at the 
same current density, Na/MnO2 electrode exhibits a more pronounced potential drop 
(IR drop) at the beginning of discharge process. The potential drop is attributed to the 
internal resistance of the electrode associated with the electrical connection resistance, 
bulk solution resistance, and resistance of ion migration in electrode materials (Yuan et 
al., 2009a). As an example, the charge/discharge curves at the current density of 1 A/g 
shown in Figures 5.10a and b reveals the IR drop of 0.1 V for Na/MnO2 and 0.04 V for 
FRGO-p-MnO2, respectively. As shown in Figure 5.10c, the IR drop increases linearly 
with increasing current density. The internal resistance of electrodes could be roughly 
estimated from the slope of this linear relationship (Nian and Teng, 2002). The 
calculated resistance of FRGO-p-MnO2 (about 0.04 Ω g) is over two times smaller 
than that of Na/MnO2 (about 0.09 Ω g), indicating the greatly decrease in the resistance 
of FRGO-p-MnO2.  
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Figure 5.8. Cyclic voltammograms of FRGO-p (a), Na/MnO2, (b) and FRGO-p-MnO2 
(c) at different scan rates.   
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Figure 5.9. Charge/discharge curves of FRGO-p (a), Na/MnO2 (b), and FRGO-p-
MnO2 (c) in Na2SO4 solution.  
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Figure 5.10. Charge/discharge curves of Na/MnO2 (a) and FRGO-p-MnO2 (b) at the 
current density of 1.0 A/g. Variation of IR drop with the discharge current densities for 
different electrodes (c). 
 
 
According to the charge/discharge curve, the calculated capacitances of FRGO, 
Na/MnO2, and FRGO-p-MnO2 are summarized in Table 5.1. A specific capacitance of 
188 F/g for FGRO-p-MnO2 was achieved at the current density of 0.25 A/g, higher 
than 74 F/g for FRGO-p, 140 F/g for Na/MnO2. Recent studies (Wang et al., 2010a; 
Wu et al., 2010c) reported that deposition of metal oxides, such as RuO2 nanoparticles 
and Ni(OH)2 nanoplates, on RGO sheets could enhance the capacitive performance. It 
was also reported that thin films consisting of polyaniline fibers and RGO sheets 
exhibited an improved capacitive performance (Wu et al., 2010a). These improvements 
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were due to contributions of the high electrical conductivity of RGO and the 
pseudocapacitance of the metal oxides or conducting polymers. In the present work, 
the remarkable enhancement in the specific capacitance of sample FGRO-p-MnO2 
would be similarly attributed to the contributions of both components. Anchoring of 
the MnO2 nanosheets on the FRGO-p sheets effectively prevented the latter from 
agglomeration, thus facilitating ion transport in the electrode material, and eventually 
improving the electric double-layer capacitance. The effective charge transfer in the 
electrode played an import role in enhancing the specific capacitance and rate 
capability. For sample FRGO-p-MnO2, the face-to-face assembly between the MnO2 
nanosheets and the FRGO-p sheets with a good electrical conductivity resulted in an 
intimate interaction of both components, enhancing charge transfer between the two 
components and leading to rapid redox reactions of the MnO2 sheets. 
 
TABLE 5.1. The specific capacitances of electrodes Na/MnO2, FRGO-p, and FRGO-




 Specific capacitances (F/g) 
4 A/g 2 A/g 1 A/g 0.5 A/g 0.25 A/g 
FRGO-p 49 56 66 70 74 
Na/MnO2 46 71 95 119 140 
FRGO-p-MnO2 130 142 168 179 188 
 
The rate performance of the samples was evaluated by comparing the specific 
capacitances (Table 5.1). It is interesting to note that sample Na/MnO2 performed 
similarly to that of FRGO-p at high current density. However, sample Na/MnO2 
performed much better with decreasing current density. At the current density of 0.25 
A/g, the specific capacitance of Na/MnO2 (140 F/g) was about two times that of 
FRGO-p (74 F/g). Considering the different electrode materials, the difference in the 
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specific capacitances of two electrode materials was due to the different charge storage 
mechanisms. The charge storage in Na/MnO2 was mainly based on the faradic reaction 
of manganese oxide according to a pseudocapacitive mechanism (Devaraj and 
Munichandraiah, 2008). At a low current density, low concentration polarization 
allows the charging process to reach completion in a long time. Ions in the vicinity of 
the electrode−electrolyte interface would be enough, thus improving the redox 
transitions of manganese oxide, eventually leading to a high capacitance (Zhang et al., 
2010b). For the electrode of FRGO-p, this insignificant dependence of specific 
capacitance upon the current density was due to the fact that EDLC was the main 
contribution to the observed capacitance. Therefore, the Na/MnO2 electrode in Na2SO4 
electrolyte showed a better capacitive performance at the lower current density. 
Importantly, the situation could be greatly enhanced by the combination of EDLC from 
FRGO-p and pseudocapacitance from MnO2 nanosheets. Indeed, the enhanced 
capacitances were obtained by incorporation of FRGO-p and MnO2 nanosheets. The 
specific capacitances of FRGO-p-MnO2 (130 F/g) were about three times those of 
Na/MnO2 (46 F/g) at the current density of 4.0 A/g, although the capacitance of 
Na/MnO2 (140 F/g) is comparable with that of FRGO-p-MnO2 (188 F/g) at the lower 
current density of 0.25 A/g. The higher capacitance retention ratio of over 69 % for 
FRGO-p-MnO2 was obtained compared to that of Na/MnO2 (only 33 %), when the 
current density was increased by 16 times (from 0.25 A/g to 4.0 A/g). The enhanced 
capacitive performances at a high rate would result from the low resistance because the 
synergic effect of the FRGO-p and MnO2 sheets affords facile ion and charge transfer 
in the electrode materials, which was evident by the investigation of EIS. As shown in 
Figure 5.11, Nyquist plots of FRGO-p, Na/MnO2 and FRGO-p-MnO2 exhibits 
semicircles over the high frequency range, followed by a linear part in the low 
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frequency region. It should be noted that the large semicircle observed for the 
electrode is indicative of high interfacial charge-transfer resistance, attributing to the 
poor electrical conductivity of materials, whereas the more vertical the line 
corresponds to an electrode more closing to an ideal capacitor (Nian and Teng, 2002). 
The equivalent series resistance (ESR) of FRGO-p, Na/MnO2, and FRGO-p-MnO2 
obtained from the intersection of Nyquist plot at the x-axis are 5.5, 14.0, and 5.8, 
respectively. Considering the same experimental conditions, the difference in the ESR 
of electrodes would be contributed to the different conductivities of electrode materials. 
The low conductivity of Na/MnO2 resulted in the significant charge-transfer resistance 
among Na/MnO2. In contract, FRGO exhibited a smaller ESR due to the good 
conductivity. The ESR of FRGO-p-MnO2 was smaller than that of Na/MnO2, 
comparable with that of FRGO-p, suggesting the decreased charge transfer resistance 
in the presence of FRGO-p. The Nyquist plot at low frequency (the straight line) is the 
resistance resulting from the frequency dependence of ion diffusion/transport. The 
increase in the impedance of this region indicates greater variations in ion diffusion 
path lengths and increased obstruction of ion movement (Pasta et al., 2010). Therefore, 
the high resistance of ion transfer in pure FRGO-p would be attributed to the high 
charge density (as indicated by the zeta potential measurement), resulting in the low 
capacitance. In contrast, FRGO-p-MnO2 exhibited a short diffusion path length of ions 
in the electrolyte, which could be seen from the low resistance of capacitive part on the 
Nyquist plot. This may be illuminated by the positive effect of the composite: the 
formation of FRGO-p-MnO2 composite resulted in the surface charge FRGO-p could 
be compensated by the negative charges from MnO2 nanosheets, leading to a lower 
resistance of ion transfer. Moreover, the presence of FRGO-p with high electrical 
conductivity resulted in a lower resistance of charge transfer. 
   Chapter 5. Synthesis and Capacitive Performance of Manganese Oxide Nanosheets  




Figure 5.11. Electrochemical impedance spectra (EIS) of Na/MnO2, FRGO-p, and 
FRGO-p-MnO2. The inset shows the enlarged EIS at the low frequency region.  
 
 
The advantages of composite electrode FRGO-p-MnO2 over the pure FRGO-p and 
MnO2 were clearly demonstrated. Additionally, the cycling stability of FRGO-p-MnO2 
electrode in Na2SO4 solution between 0 to 0.9 V was investigated at a current density 
of 4.0 A/g. As shown in Figure 5.12, the capacitive retention is about 89 % after 1000 
cycles, indicating a good cycle ability of the composite materials. The support carbon 
matrix FRGO-p allows the deposition of the MnO2 nanosheets on the surfaces of 
FRGO-p sheets, which would enhance the mechanical strength of composite materials, 
resulting in the good cycling ability.  
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Figure 5.12. Capacitance retention of FRGO-p-MnO2 at a current density of 4.0 A/g in 
1 M Na2SO4 electrolyte. Inset shows the charge/discharge curves of FRGO-p-MnO2 at 
a current density of 4.0 A/g. 
5.4 Summary 
Functionalized RGO (FRGO-p) was prepared by the reduction of 
poly(diallyldimethylammonium chloride) (PDDA) functionalized graphene oxide, 
transferring the surface charge of RGO from negative to positive nature. A composite 
material consisting of FRGO-p and MnO2 nanosheets (FRGO-p-MnO2) was 
synthesized by anchoring negatively charged MnO2 nanosheets on the positively 
charged FRGO-p via strong electrostatic interactions. The FRGO-p-MnO2 exhibited an 
enhanced capacitive performance in comparison with pure FRGO-p and Na/MnO2 
sheets, attributing to the contributions of the good electrical conductivity of FRGO-p 
and the pseudocapacitance of the MnO2 nanosheets. Additionally, over 89% of the 
original capacitance was retained after 1000 cycles, indicating a good cycle stability of 
composite materials. 
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A COMPARATIVE STUDY OF MnO2-CARBON 
COMPOSITE MATERIALS AS SUPERCAPACITOR 
ELECTRODES 
6.1 Introduction 
The combination of metal oxides with carbon materials is effective to improve 
their electrochemical performances by taking advantage of the superior features of 
both components. For example, carbon nanotubes (CNTs) were coated with a thin 
layer of manganese oxide by a controllable redox reaction. The resulting MnO2/CNTs 
nanocomposites could provide a short diffusion path for electrolyte ions and an easy 
access to manganese redox centers besides the high conductivity of CNTs. As a result, 
the MnO2/CNT composite with 65 wt% MnO2 exhibited a specific capacitance of 144 
F/g (Jin et al., 2007). An in situ hydrothermal process was reported to prepare 
nanocomposite networks of interpenetrating CNTs and V2O5 nanowires (Chen et al., 
2009). These fibrous nanocomposites exhibited a hierarchical porous structure with 
high surface area and good electric conductivity, achieving high capacitances of 440 
and 200 F/g at current densities of 0.25 and 10 A/g, respectively (Wang et al., 2009a). 
Recently, the evolution of graphene–metal oxide composite materials greatly 
stimulated the development of supercapacitor electrodes (Hall et al., 2010; Lei et al., 
2011; Pumera, 2011; Sun et al., 2011). As demonstrated in Chapter 5, the combination 
of MnO2 sheets with functionalized RGO led to a synergic effect of both components. 
The composite materials of RGO with various metal oxides, such as manganese 
dioxide (MnO2) (Wang et al., 2010b; Wu et al., 2010b; Cheng et al., 2011), ruthenium 
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oxide (Wu et al., 2010c), and nickel oxide (Wang et al., 2010a) have been prepared as 
electrode materials for supercapacitors. Dai and co–workers recently investigated the 
capacitive performances of Ni(OH)2 nanoplates grown on RGO sheets with the 
different oxidation degrees, revealing that the electrochemical performances of these 
composite materials were dependent on the quality of RGO substrates, the morphology 
and crystallinity of nanomaterials grown on top (Wang et al., 2010a). 
The previous studies showed the synergic contributions of metal oxide with 
various carbons (Fischer et al., 2007; Fischer et al., 2008; Chen et al., 2009; Chu et al., 
2010; Lee et al., 2010; Su and Schlogl, 2010; Wang et al., 2010a; Chen et al., 2011a). 
Recently, Lai and co-workers (Chu et al., 2010) reported that the manganese 
oxide/CNT composite exhibited higher specific capacitance than that of manganese 
oxide/acetylene black composite. Graphene sheets, as a unique carbon, attracted great 
attention in recent years. Therefore, it is important to identify the effect of graphene 
sheets on the electrochemical properties of composite materials in comparison with the 
other carbons, such as CNTs and carbon black, which is helpful to develope high-
performance supercapacitor electrodes. In this Chapter, we demonstrate that the 
preparation of RGO sheets supported three-dimensional (3D) MnO2 clusters by using a 
direct growth method at room temperature. The composite materials of MnO2 with 
CNTs and carbon black (Vulcan XC-72) were synthesized by using the same method 
in order to identify the effect of different carbon materials on the capacitive 
performances of MnO2–carbon composites. The capacitive performance of these 
composite materials was investigated by using cycle voltammetry, electrochemical 
impedance spectrocopy, and charge/discharge techniques. 
Chapter 6. A Comparative Study of MnO2-carbon Composite Materials 
as Supercapacitor Electrodes 
92 
 
6.2 Experimental Section 
6.2.1 Preparation of MnO2 clusters and MnO2–carbon composites 
The RGO sheets were prepared by using a microwave-assisted method (Zhu et al., 
2010). In the typical preparation of MnO2–carbon composites, 100 mL of manganous 
chloride (MnCl2) solution (20 mM) was mixed with ethylenediaminetatraacetic acid 
disodium salt (EDTA) solution. 40 mg of as-prepared RGO sheets was dispersed in the 
above solution under sonication. After 2 h, 100 mL of sodium hydroxide (250 mM) 
was added to the system. Then, 100 mL of potassium persulfate (K2S2O8) was added to 
initiate redox reactions. After standing at room temperature overnight, the solid 
product was collected by filtration, washed with DI water and finally with ethanol, 
followed by vacuum drying at 60 
o
C. The obtained sample was denoted as RGO-MnO2. 
For comparison purpose, RGO was respectively replaced with CNTs and carbon black 
(Vulcan XC-72) using the same experimental procedure. The obtained samples were 
denoted as CNT-MnO2 and CBV-MnO2, respectively. The mass ratio of manganese 
oxide over carbon materials is about 81%. In order to synthesize the pristine MnO2 
clusters, no carbon material was added in the preparation process. 
6.2.2 Characterization 
Samples were characterized using XRD, XPS, FESEM, HRTEM (described in 
Chapter 3). Raman spectra were recorded on a WITEC CRM200 Raman system with a 
laser wavelength of 532 nm. For the electrochemical measurements, an Autolab 
PGSTAT302N was used to measure the electrochemical properties of the samples at 
ambient temperature (about 22 C). The electrochemical cell had a three-electrode 
configuration with a bright Pt plate as the counter electrode and an Ag/AgCl electrode 
as the reference electrode. The working electrodes were prepared by mixing active 
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material, acetylene black, and polytetrafluoroethylene (PTFE) with a ratio of 85:10:5. 
A small amount of ethanol was added to make a homogeneous mixture. The slurry of 
mixture was pressed on a nickel foam as a current collector. 1 M Na2SO4 solution was 
employed as the electrolyte. 
6.3 Results and discussion 
Figure 6.1 shows the XRD patterns of MnO2 clusters, RGO-MnO2, CNT-MnO2, 
and CBV-MnO2. For sample of MnO2 clusters, the typical XRD peaks are easily 
indexed to the (001), (002), and )111(  plane diffractions of birnessite phase (JCPDS 
No. 80-1098) in Figure 6.1a, suggesting the formation of birnessite-type MnO2 (Kai et 
al., 2008; Portehault et al., 2008; Zhang et al., 2011b). For samples of RGO-MnO2, 
CNT-MnO2, and CBV-MnO2 in Figures 6.1b-c, the main XRD peaks are also indexed 
to the birnessite phase, indicating the formation of birnessite-type MnO2 on the carbon 
materials. Moreover, the broad and weak peaks would be due to the poor crystallinity 
of MnO2.  
 
Figure 6.1 XRD patterns of MnO2 clusters (a), RGO-MnO2 (b), CNT-MnO2 (c), and 
CBV-MnO2 (d).  
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The surface chemical compositions and the valence states of the samples were 
characterized by using XPS. The survey XPS spectroscopy of RGO-MnO2 is shown in 
Figure 6.2a. The typical XPS signals of C, Mn, O, and K can be observed, indicating 
the formation of composite between RGO and MnO2. Figure 6.2b shows the core-level 
XPS signal of Mn 2p. The Mn 2p3/2 and 2p1/2 are centered at 642.1 and 653.8 eV, 
respectively, with a spin-energy separation of 11.7 eV, suggesting that the predominant 
oxidation state is +4 (Moulder et al., 1995; Lee et al., 2010). The core-level XPS signal 
of O 1s (Figure 6.2c) has been deconvoluted into three parts. The lattice oxygen O2
-
 in 
Mn–O–Mn is centered at about 529.6 eV. The hydroxyl groups and surface adsorbed 
water are located at about 531.6 eV and 533.1 eV, respectively (Fischer et al., 2007; 
Zhang et al., 2010a). It is known that the birnessite-type MnO2 is a mixed-valence 
compound because a small amount of Mn
4+
 ions at the center of MnO6 octahedra are 
replaced with Mn
3+
 ions, giving a net negative charge (Gao et al., 2008). The net 
negative charges are compensated by the the intercalated guest cations, usually 




), leading to the formation of birnessite 
phase with a 2D lamellar structure (Ching et al., 1997; Nakayama et al., 2010). The 
core level XPS signal of K 2p (Figure 6.2d) exhibits two typical peaks centered at  
292.5 eV and 295.2 eV, respectively, attributing to the hydrous K
+
 ions (Subramanian 
et al., 2005).  For comparison, the core-level XPS signals of C1s, Mn2p, O1s, and K2p 
for MnO2 clusters, RGO-MnO2, CNT-MnO2, and CBV-MnO2 are shown in Figure 6.3. 
The observations on XPS signals suggest the formation of composite materials 
consisting of K-type birnessite MnO2 and carbons (RGO, CNTs, and carbon black). 
 
Chapter 6. A Comparative Study of MnO2-carbon Composite Materials 




Figure 6.2 The survey XPS spectra of RGO-MnO2 (a). The core-level XPS signals of 




Figure 6.3 Core-level of XPS spectra of C1s (a), Mn 2p (b), O 1s (c), and K 2p (d) for 
MnO2, RGO-MnO2, CNT-MnO2, and MnO2. 
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The FT-IR spectra of MnO2 clusters, RGO-MnO2, CNT-MnO2, and CBV-MnO2 
are shown in Figure 6.4. The absorption bands in the wavelength range of 420~650 
cm
-1
 are ascribed to the Mn–O vibrations in MnO6 octahedra, suggesting the formation 
of manganese oxide (Gao et al., 2008). The Raman spectra of MnO2 clusters, RGO-
MnO2, CNT-MnO2, and CBV-MnO2 are shown in Figure 6.5. For the MnO2 clusters, 
the peaks (Figure 6.5a) located at about 480.7, 560.0, and 638.4 cm
-1
 are contributed to 
the Mn-O lattice vibrations within MnO6 octahedral double chains (Gao et al., 2008). 
For samples RGO-MnO2, CNT-MnO2, and CBV-MnO2, apart from the bands 
belonging to MnO2, the other two bands at about 1344 and 1582 cm
-1
 are ascribed to 
the D- and G-bands of carbon materials, respectively. The D-band is usually associated 
with the vibrations of carbon atoms with dangling bonds for the in-plane terminations 
of amorphous carbon films, while the G-band due to the to the E2g mode is closely 
related to the vibration of sp
2
-bonded carbon atoms in a two-dimensional hexagonal 
lattice, such as in a graphene layer (Aboutalebi et al., 2011). The broad D- and G-
bands and the relative large intensity ratio of I(D)/I(G) for CBV-MnO2 (1.09 vs. 0.81 
for CNT-MnO2 and 0.63 for RGO-MnO2) indicate the relative disorder structure of 
carbon black, XC-72 (Shimodaira and Masui, 2002). These observations further 
confirm the formation of carbon-manganese oxide composites. 
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Figure 6.5 Raman spectra of MnO2 clusters (a), RGO-MnO2 (b), CNT-MnO2 (c), and 
CBV-MnO2 (d).  
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As shown in Figure 6.6a, the flower-like MnO2 clusters consisted with intertwined 
nanosheets are dispersed on RGO sheets. The composite of CNTs and MnO2 prepared 
by the same method is shown in Figure 6.6b. Apart from the flower-like MnO2 clusters, 
the CNTs entangling among the MnO2 clusters can be seen (as indicated by arrows). 
Figure 6.6c shows the flower-like clusters of CBV-MnO2, revealing that the surfaces 
of carbon black particles are covered with MnO2 nanosheets. The FESEM image of 
pure MnO2 clusters synthesized in the absence of a carbon material is shown in Figure 
6.6d. Obviously, the size of flower-like MnO2 clusters is much larger than those of 
samples, RGO-MnO2, CNT-MnO2, and CBV-MnO2. Energy–dispersive X–ray (EDX) 
spectrum of RGO-MnO2 (Figure 6.7) reveals that the presence of C, O, K, and Mn 
elements, suggesting the formation of composite material of RGO and birnessite-type 
MnO2. 
 
Figure 6.6 FESEM images of RGO-MnO2 (a), CNT-MnO2 (b), CBV-MnO2 (c), and 
MnO2 clusters (d).  
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Figure 6.7 EDS analysis of sample RGO-MnO2. 
 
Figure 6.8 shows TEM images of samples RGO-MnO2, CNT-MnO2, and CBV-
MnO2 and MnO2 clusters. The TEM image (Figure 6.8a) of RGO-MnO2 exhibits a 
large number of black clusters dispersed on the paper-like RGO sheets. The enlarged 
TEM image (inset of Figure 6.8a) reveals the flower-like structure of MnO2 consisted 
with nanosheets. Figure 6.8b shows the morphology of CNT-MnO2, exhibiting CNTs 
interconnecting among the flower-like MnO2 clusters. A lattice-resolved TEM image 
of CNT-MnO2 (Figure 6.8c) reveals that the lattice spacing is about 0.64 nm. This 
distance is smaller than the interlayer space of perfect (001) planes (0.71 nm) for 
birnessite-type MnO2 because it tends to be dehydrated under the electron beam 
irradiation, resulting in the reduced d-spacing of (001) planes (Portehault et al., 2008; 
Wang et al., 2009b). Moreover, the wall of carbon nanotube is seen (indicated in 
Figure 6.8c), suggesting the composite material of CNTs and MnO2. As shown in 
Figure 6.8d, CBV-MnO2 exhibits a structure of aggregated clusters. The enlarged TEM 
images (Figure 6.8e) reveals that the surface of carbon black particles are covered with 
lots of intertwined nanosheets with a petal-like structure (Figure 6.8f). The lattice 
spacing of nanowalls is about 0.65 nm, suggesting the formation of birnessite-type 
MnO2. For comparison purpose, TEM image of pristine MnO2 clusters is shown in 
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Figure 6.8g, exhibiting an aggregation of flexible flaky forms. The enlarged TEM 
image (Figure 6.8h) reveals that the MnO2 sheets seem to be transparent thin films. 
Many wrinkles and folds are observed within their planes, showing a typically 2D 
structure, which is similar with that of RGO sheets. The lattice–resolved image of 
pristine MnO2 clusters (Figure 6.8i) shows a lattice spacing of about 0.64 nm, 
corresponding to the d–spacing of (001) planes of binessite-type MnO2. 
Imai and co–workers (Oaki and Imai, 2007) reported that the synthesis of 
birnessite-type MnO2 nanosheets by using EDTA as a chelating agent. It is known that 
Mn(OH)2 is easily formed and gradually oxidized to Mn3O4 and/or MnO2 by dissolved 
oxygen in an alkaline solution containing divalent manganese (Mn
2+
) ions under 
ambient conditions (Nichols and Walton, 1942). In the presence of EDTA molecules, 
the chelation between Mn
2+
 ions and EDTA
4-
 ions suppressed the rapid formation of 
Mn(OH)2 precipitates, resulting in the oxidation to the trivslent and/or tetravalent 
states with dissolved oxygen and the slowly oriented growth of an architecture 
consisting of the 2D lamellar structure (Oaki and Imai, 2007; Portehault et al., 2008). 
However, the formation process was extremely slow (generally 3-5 days). With the 
assistance of an oxidizing agent, K2S2O8, the composite materials were obtained at 
room temperature in a relatively short synthesis time (~12 h). RGO nanosheets, CNTs, 
and carbon black nanoparticles would be used as the center for MnO2 nucleation, 
resulting in the preferential nucleation and growth at the solid/liquid interface due to 
the low interfacial energy (Hosono et al., 2005; Oaki and Imai, 2007). The 
heterogeneous nucleation and subsequent growth of MnO2 nanosheets connected with 
each other led to the formation of flower-like MnO2 clusters on carbon materials. The 
previous studies have revealed that the size, morphology, and crystallinity of 
nanocrystals formed on RGO sheets are dependent on the oxidation degree of RGO 
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substrate due to the different interactions of coating species with RGO sheets (Wang et 
al., 2010c; Zhang et al., 2011c). In the present case, EDTA, the chelating agent, would 
suppress the growth in the thickness direction, leading to the formation of birnessite-
type MnO2 nanosheets (Oaki and Imai, 2007).  
 
Figure 6.8 TEM images of RGO-MnO2 (a), CNT-MnO2 (b and c), CBV-MnO2 (d-f), 
and MnO2 clusters (g-i) 
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The electrochemical properties of RGO-MnO2, CNT-MnO2, CBV-MnO2, and 
MnO2 clusters were investigated by using cycle voltammetry and charge/discharge 
techniques. As shown in Figure 6.9a, the CV curves of RGO-MnO2, CNT-MnO2, and 
CBV-MnO2 exhibit nearly rectangle shapes, suggesting the good capacitive behaviors. 
However, an obviously distorted rectangle shape is observed for MnO2 clusters, 
showing that the current is delayed to reach a horizontal value after reversal of the 
potential sweep. This deviation from rectangular shape is the indication of an 
uncompensated resistance in the system due to the poor electrical conductivity of 
MnO2 (Lu et al., 2011; Wei et al., 2011; Zhang et al., 2011b). Obviously, the presence 
of carbon materials, RGO, CNT, and CBV improves the conductivity of composite 
materials, leading to the quasi-rectangle shape. More importantly, the quasi-rectangle 
area under each CV curve is much larger than that of MnO2 clusters, suggesting the 
larger specific capacitance (Aboutalebi et al., 2011). On the basis of the curves, the 
specific capacitance of RGO-MnO2 is largest than those of CNT-MnO2, CBV-MnO2 
and MnO2 clusters. Figure 6.9b shows charge/discharge curves of RGO-MnO2, CNT-
MnO2, CBV-MnO2, and MnO2 clusters, respectively. The curves exhibit that the 
potential of charge/discharge is nearly linear response to time, indicating the good 
reversibility during the charge/discharge process. Moreover, the charge/discharge 
times vary at a constant current density for RGO-MnO2, CNT-MnO2, and MnO2 
clusters, suggesting the different specific capacitances. On the basis of the 
charge/discharge curve, the specific capacitance (Csp) of electrode materials can be 
calculated. The specific capacitances for RGO-MnO2, CNT-MnO2, CBV-MnO2, and 
MnO2 clusters are summarized in Figure 6.9c. RGO-MnO2 yields the highest specific 
capacitance at a constant current density. For example, the specific capacitance of 
RGO-MnO2 is as high as 260 F/g at a current density of 0.3 A/g, higher than 202 F/g 
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for CNT-MnO2, 190 F/g for CBV-MnO2. Although the specific capacitance of MnO2 
is comparable to those of CBV-MnO2 at the low current density, the specific 
capacitance quickly decreases to 46 F/g when the current density is increased to 8 A/g 
(Figure 6.9c).  The capacitive retention of MnO2 is only about 24%, indicating a poor 
rate capability. The capacitive retention is about 48% for CNT-MnO2 and 47% for 
CBV-MnO2 when the current density is increased from 0.3 A/g to 8 A/g. For sample of 
RGO-MnO2, the capacitive retention is about 62%, suggesting the significantly 
improved rate capability. Moreover, the composite materials exhibited good long-time 
cycling stabilities. As shown in Figure 6d, the capacitive retention is about 91% for 
RGO-MnO2, 91% for CNT-MnO2, and 86% for CBV-MnO2 after 1000 cycles. 
 
Figure 6.9 Cycle voltammetrumms at a scan rate of 50 mV/s (a), charge/discharge 
curves at a current density of 1 A/g (b), the specific capacitances (c) of RGO-MnO2, 
CNT-MnO2, CBV-MnO2, and MnO2 sheets, and the capacitive retentions (d) of RGO-
MnO2, CNT-MnO2, CBV-MnO2.  
 
The deposition of metal oxides or conducting polymers on carbon materials would 
enhance the electrochemical performances of composite materials due to the corporate 
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contributions of the high electrical conductivity of carbon materials and the 
pseudocapacitance of the metal oxides or conducting polymer (Fischer et al., 2007; 
Guan et al., 2010; Lee et al., 2010; Wang et al., 2010b; Wu et al., 2010a; Wu et al., 
2010c). In the present work, the combination of carbon materials (RGO sheets, CNTs, 
and carbon black) with MnO2 would contribute to a synergistic effect, leading to the 
enhanced electrochemical performance. As shown in Figure 6.10, the specific 
capacitances of composite materials are much higher than the sum of arithmetic mean 
of MnO2 clusters and carbon materials, suggesting the synergistic effect of both 
components. For example, the enhanced capacitances (Cen) were about 93, 41, and 32 
F/g for RGO-MnO2, CNT-MnO2, and CBV-MnO2, respectively, at the current density 
of 0.3 A/g. It is interesting to note that the enhancement shows a monotonic increment 
with the increasing current density from 0.3 to 8 A/g, although the specific 
capacitances decrease. The ratio of Cen/Csp is denoted as the contribution from the 
synergistic effect of both components. When the current density was increased from 
0.3 to 8 A/g, the ratio increased from about 36% to 72% for RGO-MnO2, 20% to 56 % 
for CNT-MnO2, and 17% to 53% CBV-MnO2 (Figure 6.10). These results indicated 
that the synergistic effect of both components led to the high rate capability. In 
addition, the synergistic effect for RGO-MnO2 was more effective in comparison with 
the other samples, which would benefit form the unique structure of 2D RGO sheets 
coupling with the 3D MnO2 clusters.     
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Figure 6.10 The calculated capacitances (Cca), specific capacitances (Csp), and 
enhanced capacitances (Cen) of RGO-MnO2 (a), CNT-MnO2 (b), and CBV-MnO2 (c) at 
the different current density. The stars show the ratio of Cen/Csp.  
The enhanced performance of composite materials was investigated by EIS 
measurements. Figure 6.11 shows the impedance spectra of RGO-MnO2, CNT-MnO2, 
CBV-MnO2, MnO2 clusters and the corresponding electrical equivalent circuit. As 
shown in Figure 6.11a, Nyquist plots of RGO-MnO2, CNT-MnO2, CBV-MnO2, and 
MnO2 clusters exhibit semicircles over the high frequency range, followed by linear 
parts in the low frequency region. The large semicircle observed for the electrode is 
indicative of high charge-transfer resistance, attributing to the poor electrical 
conductivity of materials, whereas the more vertical the line corresponds to an 
electrode more closing to an ideal capacitor (Yan et al., 2010a; Aboutalebi et al., 2011; 
Zhang et al., 2011b). Obviously, the semicircles decrease in the presence of RGO 
sheets, CNTs, and CBV. Moreover, nearly vertical lines are observed for samples of 
RGO-MnO2 and CNT-MnO2, suggesting the good capacitive behaviors with low 
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resistances. The impedance spectra were fitted by using the electrical equivalent circuit 
(Figure 6.11b). Figure 6.11c exhibits that the experimental data can be fitted well by 
the equivalent circuit. In this circuit, CL is the limit capacitance. Zw is the Warburg 
impedance. CPE represents the constant phase elements (CPEs) modeling the double-
layer capacitance (Cdl), which is substituted for the capacitors to fit more exactly the 
high-frequency capacitive loop. Re is the combinational resistance of ionic resistance 
of electrolyte, intrinsic resistance of substrate, and contact resistance at the active 
material/current collector interface (Di Fabio et al., 2001; Yan et al., 2010a). The 
resistances (Re) of RGO-MnO2, CNT-MnO2, and CBV-MnO2 were measured to be 
0.64, 0.64, and 0.70 Ω, respectively. The resistances for the composite materials were 
lower than that of the pristine MnO2 clusters (0.85 Ω). Additionally, a major difference 
was observed on the charge-transfer resistance (Rct) caused by the Faradaic reactions of 
MnO2 and the double-layer capacitance on the grain surface. The values of Rct for 
RGO-MnO2, CNT-MnO2, CBV-MnO2 and MnO2 were 1.23, 1.52, 2.06, 5.28 Ω, 
respectively. The sum of Re and Rct is the main contributor to equivalent series 
resistance (ESR), limiting the specific power of supercapacitor (Di Fabio et al., 2001). 
The data revealed that the composite materials had much lower ESR (1.87, 2.16, and 
2.76 Ω for RGO-MnO2, CNT-MnO2, and CBV-MnO2, respectively) than that of the 
pristine MnO2 clusters (6.13 Ω), benefiting to the improved capacitive performance of 
composite materials.  
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Figure 6.11 Nyquist plots of impedance data for RGO-MnO2, CNT-MnO2, CBV-
MnO2, and MnO2 sheets in the frequency range of 100 KHz to 0.1 Hz (a), the electrical 
equivalent circuit used for fitting impedance spectra (b), Nyquist plots of impedance 
data (scattering symbols) and fitting results (solid lines) in the high frequency (c). 
 
The charge transfer processes in the electrode materials of MnO2 clusters, RGO-
MnO2, CNT-MnO2, and CBV-MnO2 are illustrated in Figure 6.12, respectively. As 
shown in Figure 6.12a, the poor conductivity of MnO2 results in the inefficient charge-
transfer among the flower-like MnO2 clusters, leading to the poor capacitive 
performance as discussed above. However, the introduction of carbon materials among 
the MnO2 clusters would improve the charge-transfer process, as described in Figures 
6.12b-d. The previous study revealed that the efficient charge-transfer in dye-
sensitized solar cells can be achieved by the introduction of RGO sheets in titanium 
dioxide, resulting in increased total conversion efficiency (Yang et al., 2010). For the 
sample of RGO-MnO2, anchoring of MnO2 clusters on the 2D RGO sheets compactly 
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to form RGO bridges would prevent RGO sheets from agglomeration, thus facilitating 
ion transport in the electrode material. More importantly, the bridged RGO sheets 
behave as an efficient charge-transfer medium to enhance the charge transfer from 
MnO2 clusters to current collector quickly (Figure 6.12b), leading to the rapid redox 
reactions of MnO2 clusters. Therefore, the significantly synergistic effect between the 
two components might result in the enhanced capacitive performance of RGO-MnO2. 
In comparion with RGO sheets, although the one-dimensional (1D) CNTs can also be 
used as the bridges for charge-transfer among the MnO2 clusters (Figure 6.12c), the 
efficiency is limitedly increased because of the point contact between the columniform 
CNTs and the MnO2 clusters.  For the sample of CBV-MnO2, the intimate interaction 
of carbon black particles and MnO2 clusters could be carried out. However, it is 
difficult to form an efficient charge-transfer route among the zero-dimensional (0D) 
carbon black particles (Figure 6.12d), resulting in the relatively large charge-transfer 
resistance.  
 
Figure 6.12 Illustration of charge-transfer process in MnO2 clusters (a), RGO-MnO2 
(b), CNT-MnO2 (c), CBV-MnO2 (d), respectively.  
 
To give a better perspective on the frequency behaviour of electrode materials, 
Figure 6.13 presents the evolution of the imaginary part of the specific capacitance vs. 
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frequency. The imaginary part goes through a maximum at a frequency f0, defining a 
time constant as t0 =1/f0. The smaller value indicates the higher rate capability 
(Taberna et al., 2003; Pech et al., 2010). The time constant for MnO2 clusters is up to 
39.2 s. Although a slightly better frequence behavior for CBV-MnO2 is observed in the 
range of high frequence (>0.2 Hz), the time constant is not superior to that of MnO2 
cluster. Notably, RGO-MnO2 exhibits the smallest time constant (7.6 s), confirming the 
high rate capability. The time constant for CNT-MnO2 (9.6 s) is comparable to that of 
RGO-MnO2, which is much smaller than that of MnO2 clusters. The results exhibit that 
the 2D RGO sheets are beneficial to the high rate capability of composite materials. 
 
Figure 6.13 Evolution of the imaginary capacitance vs. Frequency for RGO-MnO2,  
CNT-MnO2,  CBV-MnO2,  MnO2. 
 
6.4 Summary 
A simple and effective method was developed to synthesize composite materials 
consisting of three-dimensional MnO2 clusters and carbon materials (RGO sheets, 
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carbon nanotubes, and carbon black). These composite materials exhibited synergistic 
effect between the two components, leading to enhanced capacitive performances in 
comparison with the pristine MnO2 clusters. Notably, a specific capacitance of about 
260 F/g was obtained for the composite material of RGO-MnO2, much higher than that 
of CNT-MnO2 (202 F/g) and CBV-MnO2 (190 F/g). The comparative study 
demonstrated that 2D RGO sheets bridging among the MnO2 clusters offered much 
efficient charge-transfer routes than those of 1D carbon nanotubes and 0D carbon 
black particles, resulting in the lower ESR, which would contribute to the enhanced 
capacitive performances. The present study exhibited a promising graphene-based 
material for supercapacitor applications. It is noteworthy that, although our results 
prove that unique 2D structure of RGO sheets contribute to the enhanced capacitive 
performance, this research would not exclude the possibility that other carbon 
materials could also lead to enhanced capacitive performance by, for example, optimal 
3D structure (e.g. carbon nanotube arrays), large surface area, or optimal pore size 
(Chmiola et al., 2006; Futaba et al., 2006; Wang et al., 2008; Wang et al., 2009a; Chen 
et al., 2011a; Chen et al., 2011c). Further research is still needed to optimize and 
correlate the content of RGO sheets in the composite and their performances, which 
will deepen our understanding on the remarkable capacitive properties of carbon-metal 
oxide composite materials.  
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TEMPLATE SYNTHESIS OF RUTHENIUM OXIDE 
NANOTUBES AS SUPERCAPACITOR ELECTRODES 
 
7.1 Introduction  
As summarized in Literature review (Chapter 2), ruthenium oxides exhibited good 
capacitive performance as electrode materials for supercapacitor because of its 
remarkable physical and chemical properties (Over et al., 2000; Susanti et al., 2007; 
Lin et al., 2008; Yuan et al., 2009a). Several RuO2 nanostructures have been 
synthesized by using sol-gel method (Zheng et al., 1995), hydrothermal method (Lin et 
al., 2008), electrochemical deposition (Mondal and Munichandraiah, 2008) and so on. 
RuO2 nanorods and nanoplates were deposited on the sapphire (SA) and LiNbO3 (LNO) 
substrates via reaction sputtering (Korotcov et al., 2006). The RuO2 nanocrystals with 
a high surface area yielded a specific capacitance as high as 569 F/g at the scan rate of 
25 mV/s (Ke et al., 2005). As energy storage electrode materials, tubular structures 
offer a number of advantages, such as fast transport of electrolyte ions, thus leading to 
rapid electrochemical reactions (Simon and Gogotsi, 2008; Kim et al., 2009; Reddy et 
al., 2009a). For example, hollow TiO2 nanoribbons prepared by using a peptide 
template via an atomic layer deposition method have been found to display improved 
performances as Li-ion battery electrodes. However, few studies have been reported 
the successful synthesis of ruthenium oxide nanotubes. Fan and co-workers reported 
that ruthenium oxide nanotubes were synthesized by thermal decomposition of 
Ru3(CO)12 clusters in the pores of AAO (H. Tan et al., 2006). However, rigid high-
temperature (as high as 600 °C) was inevitably required for the formation of ruthenium 
oxide nanotubes. With AAO as template, ruthenium oxide nanotube arrays were 
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fabricated by an electrodeposition method (Hu et al., 2006a). The hollow ruthenium 
oxide nanotube arrays exhibited a higher specific capacitance as a supercapacitor 
electrode in comparison with arrayed RuO2 nanorods. Up to now, it has been a 
challenge to develop a simple method to prepare nanotubular ruthenium oxides under 
mild experimental conditions.  
In this Chapter, the preparation and characterization of hydrous nanotubular 
ruthenium oxides as supercapacitor electrodes were presented. On the basis of the 
experimental results, a possible mechanism for the formation of nanotubular ruthenium 
oxides was suggested. Formic acid was observed to play an important role in the 
process of deposition of ruthenium oxide on the surface of MnOOH nanorods, as well 
as the formation of the final tubular structure. The specific capacitance of the 
ruthenium oxide nanotubes was measured to be as high as 860 F/g at a current density 
of 0.5 A/g in a H2SO4 electrolyte, larger than that of ruthenium oxide nanoparticles at 
the same current density.  
7.2 Experimental Section 
7.2.1 Preparation of manganite nanorods 
First, 0.13 g of Mn(NO3)2 and 0.19 g of ethylene diamine tetraacetic acid (EDTA) 
were dissolved in 10 mL of distilled water each. The pH value of the EDTA solution 
was adjusted to about 9 by adding a 10 M NaOH solution. The two solutions were 
mixed at room temperature under stirring for 10 min. Then, 0.13 g of KMnO4 
dissolved in 20 mL of distilled water was added dropwise to the above solution under 
stirring for 20 min. The mixture was transferred to a 60 mL Teflon-lined stainless steel 
autoclave and heated in an oven at 100 °C. After 12 h, brown-colored solids were 
collected by centrifugation, washed with distilled water and finally with absolute 
ethanol, and then dried at 60 °C.  
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7.2.2 Preparation of ruthenium oxide nanotubes 
The manganite nanorods prepared above were employed as morphology template 
to direct the formation of nanotubular ruthenium oxides. First, a given amount of 
manganese oxide was dispersed in a formic acid solution (0.5 mL formic acid in 10 
mL H2O). Then, 1.2 mL of RuCl3 solution was added. The mixture was aged at room 
temperature for 12 h. The resulting precipitate was separated using a centrifuge, 
washed with distilled water and finally with absolute ethanol, followed by drying in air 
at 60 °C. The resulting solid was annealed at 150 °C for 2 h. 
7.2.3 Preparation of ruthenium oxide nanotubes 
RuOx•nH2O nanoparticles were synthesized by a modified sol-gel method. In the 
typical sysnthesis, RuCl3•2H2O was dissolved in a 20 mL solution with equal volumes 
of water and methanol to give a concentration of 50 mM. The solution was stirred at 
room temperature for 30 min. A 2 M NaOH solution was then dropped into the stirred 
solution until the pH reached 7.0 and kept stirring for 30 min. The obtained precipitate 
was separated using a centrifuge, washed with distilled water, followed by drying in air 
at 60 ◦С. 
7.2.4 Characterization 
Samples were characterized using XRD, XPS, FESEM, HRTEM techniques 
(detailed in Chapter 3). Energy-dispersive X-ray (EDX) analyses were recorded on an 
INCAX-sight EDX spectrometer equipped on the FESEM. The electrochemical 
properties of samples were investigated by using the same way described in Chapter 4.  
7.3 Results and Discussion 
Figure 7.1 shows the XRD patterns of the manganese oxide nanorods and 
ruthenium oxide samples. All diffraction peaks in Figure 7.1a can be readily indexed to 
a MnOOH phase (JCPDS 41-1379), showing that the sample is a pure MnOOH (Hu et 
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al., 2008). For the ruthenium oxide sample, the XRD pattern (Figure 1b) shows a very 
broad diffraction peak in the range of 2 = 20 – 40 °, indicating an amorphous nature 
of the sample (Capucine et al., 2009). 
 
Figure 7.1 XRD patterns of MnOOH nanorods (a) and RuOx•nH2O nanotubes (b). 
 
Figure 7.2a shows the wide-scan XPS spectrum of the ruthenium oxide sample. 
Only O 1s, Ru 3p, Ru 3d, and C 1s peaks are seen. No peak due to manganese species 
can be seen, indicating the sample did not contain any manganese species. Due to XPS 
signal of Ru 3d overlapping with that of C 1s, the XPS signal in the overlapping region 
were deconvoluted by curve fitting using the Gaussian lineshape, and the results are 
shown in Figure 7.2b. It is shown that the C1s peak is centered at 284.5 eV. The Ru 3d 
signals can be deconvoluted to four separated peaks. The two peaks at 281.2 eV and 
285.6 eV are attributed to Ru (IV) of RuO2 while the other two with binding energies 
of 282.2 eV and 288.1 eV are attributed to Ru (III) from hydrous Ru (III)-OH 
(Moulder et al., 1995; Hu et al., 2008). From the O 1s XPS spectrum shown in Figure 
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7.2c, except for the peak at 529.8 eV which corresponds to lattice oxygen O
2-
, two 
peaks at 531.2 and 533eV belonging to hydroxyl groups and surface adsorbed water, 
respectively, are also observed. The XPS results indicate that the ruthenium oxide 
sample contains both hydrated ruthenium dioxide and hydrated ruthenium species (Ru 
(III)-OH) (Hu and Huang, 1999; Mun et al., 2007). As a result, the sample is hereafter 
named as RuOx•nH2O. 
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Figure 7.2 The overview XPS spectra of RuOx•nH2O nanotubes (a), high resolution 
XPS spectra of Ru 3d + C 1s (b) and O 1s (c) for RuOx•nH2O nanotubes. 
 
The FESEM image of MnOOH sample shown in Figure 7.3a clearly reveals a rod-
like shape with smooth surface. The diameters of the rods vary in the range of 20 and 
40 nm, while the lengths change from several hundred nanometers to a few 
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micrometers. The FESEM image of the RuOx•nH2O sample are shown in Figure 7.3b. 
It can be seen that the rod morphology of the MnOOH sample was well inherited by 
the RuOx•nH2O sample. The diameter of the RuOx•nH2O, however, became large, 
while the surface became apparently coarse in comparison with that of the MnOOH 
rods. A tubular structure of the RuOx•nH2O sample is clearly seen from TEM images 
shown in Figures 7.3c and 7.3d. From the high-magnification image shown in Figure 
3d, the diameter and the wall thickness of RuOx•nH2O nanotubes are estimated to be 
about 40 and 8 nm, respectively. For comparison, the TEM images of MnOOH rods 
are shown in Figure 7.4. It is obvious that the tubular structure of RuOx•nH2O sample 
is different from the rod-like structure. The EDX results shown in Figure 7.3e confirms 
that the RuOx•nH2O sample contains only Ru and O elements, in good agreement with 
the XPS data. 
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Figure 7.3 FESEM images of (a) MnOOH nanorods and (b) RuOx•nH2O nanotubes. (c, 
d) TEM images of RuOx•nH2O nanotubes. (e) EDX analysis of RuOx•nH2O nanotubes. 
 
To understand the formation process of the RuOx•nH2O nanotubes, evolution of the 
solid phase at different reaction times was investigated. Figure 7.5 shows the TEM 
images and the EDX spectra of the solid phase after 15 min of reaction. It can be seen 
from Figure 7.5a that the surface of the MnOOH rods had become very rough after 15 
min. In addition, the HRTEM images shown in Figures 7.5b and 7.5c reveal that the 
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surface of the MnOOH rods is covered with numerous nanodots (indicated by circles), 
which would be RuOx•nH2O nanoparticles. The EDX spectrum shown in Figure 7.5d 
indeed shows the presence of Ru, Mn, and O elements in the sample. The atomic 
content of Ru was estimated to be about 7%. Thus, it can be concluded that the 
nanodots are ruthenium oxides. 
 
Figure 7.4 TEM images of MnOOH nanorods obtained by hydrothermal synthesis.  
Figure 7.6 compares the TEM images of the solid phases collected after different 
reaction times. It is seen from Figure 7.6a and the enlarged image (inset) that a rodlike 
structure formed after 1 h. However, the composition is different from that of the 
sample obtained after 15 min reaction. The EDX data (Figure 7.7a) reveals that the 
sample contains only about 2.3 % Mn, indicating that the sample is mainly ruthenium 
oxide. After 3 h of reaction, the sample still appeared as rods (Figure 7.6b). In contrast, 
the sample exhibited a partially hollow tubular structure (Figure 7.6c) after 6 h. When 
the reaction time was increased to 12 h, a complete tubular structure was obtained 
(Figure 7.6d). The inset in Figure 5d clearly shows a tubular structure of the sample. 
The EDX data depicted in Figure 7.7b confirms that no manganese species is present 
in the solid phase after 12 h reaction.  
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Figure 7.5 TEM and HRTEM images (a, b, c) and EDX spectrum (d) of the solid 
phase collected after 15 min reaction. 
 
Figure 7.6 TEM images of the solid phase collected after (a) 1 h, (b) 3 h, (c) 6 h, and 
(d) 12 h. The insets in (a) and (d) are enlarged images with the scale bars of 50 nm. 
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Figure 7.7 Energy dispersive X-ray spectroscopy (EDX) spectra of the solid products 
collected after reaction times of (a) 1 h and (b) 12 h. 
On the basis of the observations on the morphological evolution as a function of 
time, a mechanism is proposed to explain the formation of the RuOx•nH2O nanotubes. 
It is believed that the surface of alkali manganese oxide nanorods generated many 
hydroxyl groups at the initial stage (Hu and Huang, 1999). The hydroxyl groups would 
combine with the colloids of ruthenium ions to form Ru(OH)x•yH2O and further 
transform to RuOx•nH2O nanoparticles at the solid (MnOOH)-liquid interface (Zheng 
and Jow, 1995; Mun et al., 2007). Meanwhile, formic acid corrosively etched the inner 
part of the MnOOH nanorods, which facilitated the diffusion of Ru
3+
 ions for the 
continuous formation of RuOx•nH2O nanoparticles. These small RuOx•nH2O 
nanoparticles self assembled and merged together due to their high surface energy and 
low stability in the presence of formic acid (Zheng and Jow, 1995; Hu et al., 2004). 
With the dissolving of the manganese oxide rods, ruthenium oxide nanotubes 
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eventualy formed. Here, formic acid is favourable to the formation of ruthenium oxide 
tubular structures. Our experimental results revealed that no RuOx•nH2O nanotubes 
formed in the absence of formic acid under otherwise the same experimental 
conditions. Instead, only small RuO2 nanoparticles formed (Figure 7.8). 
 
Figure 7.8 (a, b) TEM images of the sample prepared in the absence of HCOOH. (c) 
HRTEM image of the small nanoparticles in Figure 7.8a. 
Both cycle voltammetry and charge/discharge techniques were used to evaluate 
the electrochemical properties of the nanotubular RuOx•nH2O. As the annealing 
temperature and time of RuO2 nanoparticles are important factors in terms of 
electrochemical capacitance (Zheng et al., 1995; Fu et al., 2002), the RuOx•nH2O 
sample was annealed at 150 °C for 2 h before electrochemical measurements. Figure 
7.9a shows the CV curves in 1 M H2SO4 electrolyte at various scan rates. The nearly 
perfect rectangle shape of CV curves at scan rates of 500 and 1000 mV/s shows an 
ideal pseudocapacitive behaviour of the electrode materials with a high rate capability. 
When 1 M Na2SO4 solution is used as the electrolyte, a similar ideal pseudocapacitive 
behaviour is observed (Figure 7.9b), but with a slight decrease in the current density. 
The capacitances of electrode in different electrolytes were calculated using 
equation vICarea /  , where Carea in mF/cm
2
 is the capacitance normalized to the 
geometric area, and v in V/s is the scan rate. In 1 M H2SO4 electrolyte, the 
capacitances were measured to be about 118 and 31 mF/cm
2
 at the scan rates of 50 and 
1000 mV/s, respectively. When 1 M Na2SO4 solution were used as electrolyte, The 
capacitances were measured to be about 39 and 27 mF/cm
2
 at the same scan rates. The 
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capacitance values are higher than that of ruthenium oxide electrode materials reported 
in literatures (Ye et al., 2005; Lin et al., 2008).  
It is practically more useful to calculate the gravimetric capacitance based on the 
mass of electrode materials. Therefore, the relationship between mass current density 
and specific capacitance of the tubular RuOx•nH2O was investigated in H2SO4 and in 
Na2SO4 electrolytes, respectively. The charge/discharge curves at different current 
densities in 1 M H2SO4 electrolyte are shown in Figure 7.10. The corresponding 
specific capacitances of the RuOx•nH2O nanotubes at current densities of 4, 2, 1 and 
0.5 A/g
 
were calculated to be 654, 722, 787, and 861 F/g, respectively, which are 
comparable or superior to the reported values in literatures (Hu et al., 2006b; Oh and 
Nazar, 2010). As a comparison, RuOx•nH2O nanoparticles were synthesized by a 
modified sol-gel method (Zheng et al., 1995; Hu et al., 2004). The RuOx•nH2O 
nanoparticles exhibit a network structure composed of many small nanodots with an 
average diameter of about 2 nm in Figure 7.11. The capacitive performance was 
investigated by cycle voltammetry and charge/discharge methods (Figures 7.12 and 
13). On the basis of the charge/discharge curves, the specific capacitances of 
RuOx•nH2O nanoparticles at current densities of 4, 2, 1 and 0.5 A/g
 
were 596, 623, 634, 
and 646 F/g, respectively. The values of specific capacitances of nanotubular 
RuOx•nH2O were larger than these of RuOx•nH2O nanoparticles. The high specific 
capacitances of nanotubular RuOx•nH2O were believed to be related to unique tubular 
structure.   
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Figure 7.9 Cyclic voltammograms of nanotubular RuOx•nH2O electrode in H2SO4 (a) 
and in Na2SO4 (b) at scan rates of 50, 100, 250, 500, and 1000 mV/s, respectively.   
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Figure 7.10 Charge/discharge curves of nanotubular RuOx•nH2O electrode in H2SO4. 
 
Figure 7.11 (a) and (b) HRTEM images of RuOx•nH2O nanoparticles prepared by a 
modified sol-gel method. 
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Figure 7.12 Cycle voltammegrams of RuOx•nH2O nanoparticles in 1 M H2SO4 at the 
scan rates of 25, 50, 100, and 250 mV/s. 
 
Figure 7.13 Charge/discharge curves of RuOx•nH2O nanoparticles in 1 M H2SO4.  
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The specific capacitance of ruthenium oxide electrodes involves two contributions: 
electrical double layer capacitance (ECDL) and pseudocapacitance (Rishpon and 
Gottesfeld, 1984; Sugimoto et al., 2006). The predominant contribution of ruthenium 
oxide comes from pseudocapacitance due to reversible redox reactions in a proton-rich 
electrolyte. The hydrous nature of the RuO2•xH2O electrode plays an important role in 
the charge/discharge processes versus insertion/extraction of protons with concomitant 
redox transitions between Ru(II)/Ru(III), Ru(III)/Ru(IV), and Ru(VI) /Ru(IV) 
(Dmowski et al., 2002; Fu et al., 2002). The charge storage mechanism of ruthenium 
oxide can be expressed as Equation 2.2 (in Chapter 2) (Zhang and Zhao, 2009). 
Therefore, it is necessary to provide effective electron and proton transport pathways 
in the supercapacitor electrode. The tubular architecture of the present RuOx•nH2O can 
on one hand reduce the resistance of electrolyte penetration and diffusion (Hu et al., 
2006a; Simon and Gogotsi, 2008), and on the other hand, the hydrous nature is 
important to promote the mass transfer of proton and accelerate the redox transitions of 
RuO2 (Zheng et al., 1995; Chang et al., 2007). It is thus not surprised that the tubular 
RuOx•nH2O displays such excellent capacitive behaviours in H2SO4 electrolyte. 
The importance of using a proton-rich electrolyte was further confirmed by the 
capacitive data of the nanotubular RuOx•nH2O in Na2SO4 electrolyte (Figure 7.14). 
The specific capacitances of the RuOx•nH2O nanotubes at current densities of 4, 2, 1 
and 0.5 A/g
 
were estimated to be 273, 281, 293, and 313 F/g, respectively, much lower 
than these in H2SO4 electrolyte. The pseudocapacitance of RuOx•nH2O incorporating 
the proton exchange with redox transitions of RuO2 results in a large capacitance in 
acid electrolyte (Dmowski et al., 2002; Sugimoto et al., 2006). In contrast, due to the 
scarcity of protons the capacitance in neutral Na2SO4 mainly originates from 
electrochemical double layer capacitance (the electro-adsorption of ions at the surface 
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of RuOx•nH2O electrode), resulting in a lower capacitance value (Sugimoto et al., 2005; 
Susanti et al., 2007). It was reported that the anhydrous ruthenium oxides also showed 
low capacitances, resulting from the obstacle of proton transfer in the inside of 
anhydrous ruthenium oxides due to the anhydrous nature (Sugimoto et al., 2006; 
Chang et al., 2007). Therefore, the proton-rich electrolyte and hydrous nature of 
RuOx•nH2O are important for the good capacitive performance. The nanotubular 
structure is to optimize electron and proton conducting pathways, leading to enhanced 
capacitive performances of nanotubular RuOx•nH2O (Hu et al., 2006a; Cho and Lee, 
2008; Reddy et al., 2009a). 
 
Figure 7.14 Charge/discharge curves of nanotubular RuOx•nH2O electrode in Na2SO4 
at different current densities. 
 
The specific capacitance and capacitive retention of the tubular RuOx•nH2O 
electrode in H2SO4 and in Na2SO4 solutions are presented in Figure 7.15. At the 
current density of 4 A/g, the RuOx•nH2O electrode exhibited about 76% of the initial 
capacitance obtained at the current density of 0.5 A/g in H2SO4 solution, showing an 
acceptable capacitive retention. The effect of current density on specific capacitance 
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may be caused by the transport of effective ions into active materials. Higher 
concentration polarization at the large current density allows charging process finished 
in a short time. Protons in the vicinity of electrode/electrolyte interface would be 
exhausted, thus retarding the redox transitions of electroactive species at a high current 
density. The RuOx•nH2O electrode in Na2SO4 electrolyte showed a better capacitive 
retention (about 87%) with increasing in the current density from 0.5 A/g to 4 A/g. 
This insignificant dependence of specific capacitance upon current density is due to the 
fact that electrochemical double layer capacitance is the main contribution to the 
observed overall capacitance. 
 
Figure 7.15 Specific capacitances of nanotubular RuOx•nH2O electrode at different 
current densities in Na2SO4 (a) and H2SO4 (b). Capacitive retention of nanotubular 




In summary, a simple method has been demonstrated to synthesize tubular 
RuOx•nH2O with superior electrochemical performances as a supercapacitor electrode. 
According to the experimental observation, the formation process of the tubular 
ruthenium oxide nanotubes was proposed to undergo a two-step mechanism: (1) the 
gradual deposition of ruthenium oxide nanoparticles surrounding MnOOH nanorods 
and (2) the ripening of ruthenium oxide nanoparticles along with the dissolution of 
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MnOOH, leading to ruthenium oxide nanotubes in presence of HCOOH during the 
long-time aging. The unique tubular structure and hydrous nature of ruthenium oxide 
contributed to the observed excellent electrochemical performances. The maximum 
specific capacitance of tubular ruthenium oxide electrode in H2SO4 electrolyte was 
measured to be 861 F/g at a current density of 0.5 A/g, much larger than that of 
ruthenium oxide nanoparticles. The synthesis method described here opens up a facile 
route to making nanotubular RuOx•nH2O materials for promising applications. 




FABRICATION OF ASYMMETRIC SUPERCAPACITOR 
WITH GRAPHENE-BASED MATERIALS  
8.1 Introduction 
A great deal of recent research effort has been placed on improving the energy 
density of supercapacitors while maintaining a high power density as well as good 
long-time stability due to the relatively low energy density of commercially available 
supercapacitors (usually less than 10 Wh/kg) (Zhang and Zhao, 2009; Lee et al., 2011). 
According to the equation of energy density presented in Chapter 2, the energy density 
of a supercapacitor can be enhanced by increasing the device capacitance with novel 
electrode materials or broadening cell voltage (V) (Frackowiak, 2007; Hall et al., 2010). 
The latter can be efficiently achieved by using ionic liquids or organic electrolytes 
because of their wider potential windows (generally larger than 2 V) than those of 
aqueous electrolytes. For instance, a supercapacitor with graphene sheets as the 
electrodes and an ionic liquid electrolyte exhibited energy densities of 85.6 Wh/kg at 
room temperature and 136 Wh/kg at 80 °C (Liu et al., 2010c). However, ionic liquids 
are cost-ineffective while organic electrolytes with poor electrical conductivity are not 
environmentally friendly, leading both types of electrolytes undesirable in practical 
applications.  
    Alternatively, the fabrication of asymmetric supercapacitors (ASCs) using 
aqueous electrolytes is an efficient way to improve the energy density (Cottineau et al., 
2006; Xu et al., 2009a; Chae et al., 2010). The key of fabricating ASCs is to use 
appropriate electrode materials working in different potential windows in the same 
electrolyte. As a result, the cell voltage can be broadened, thus increasing the energy 
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density of a supercapacitor. Transition metal oxides (e.g., MnO2, RuO2) and activated 
carbons have been used to fabricate ACSs with cell voltages ranging from 1.2 to 2.0 V 
in aqueous electrolytes (Cottineau et al., 2006). An activated carbon//MnO2 ASC with 
an aqueous electrolyte operated at a potential window of 2 V displayed an energy 
density of 21 Wh/kg at a current density of 0.3 A/g (Xu et al., 2009a).  It is noteworthy 
that the incorporation of carbon materials into metal oxides would benefit to the power 
capability of a supercapacitor. For example, an ASC fabricated with transition metal 
oxide nanowire/single-walled carbon nanotube (SWNT) composite films as the 
electrodes exhibited an energy density of 25.5 Wh/kg and a high power density (50.3 
kW/kg) (Chen et al., 2010a).  
    Graphene, a two-dimensional carbon material, is a good electrode candidate for 
supercapacitors because of its several features, such as large surface area, high 
electrical conductivity, superior mechanical properties, and good electrochemical 
stability (Bai et al., 2011; Guo and Dong, 2011). Although composites of graphene 
with metal oxides or conducting polymers were successfully prepared by various 
methods as supercapacitor electrodes (Wang et al., 2009a; Wang et al., 2010a), so far 
few studies reported the fabrication of ASCs with graphene-based materials. Cheng 
and co-workers (Wu et al., 2010b) described an ASC with reduced graphene oxide 
(RGO) as the negative electrode and MnO2 nanowire/RGO composite (MGC) as the 
positive electrode in an aqueous solution. The device exhibited an energy density of 
30.4 Wh/kg and a power density of 5 kW/kg. In this Chapter, an ASC was fabricated 
using graphene-based materials as both electrodes, namely RGO modified with RuO2 
nanoparticles (RGO-RuO2) as the positive electrode and RGO modified with PANi 
(RGO-PANi) as the negative electrode working in an aqueous electrolyte. For 
comparison, symmetric supercapacitors with RGO-RuO2 or RGO-PANi as both 
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electrodes were also fabricated, respectively. Because of the broadened potential 
window (1.4 V), the ASC exhibited an energy density of 26.3 Wh/kg, about two-time 
higher than that of the symmetric supercapacitors based on RGO-RuO2 electrodes 
(12.4 Wh/kg) and RGO-PANi electrodes (13.9 Wh/kg). In addition, the ASC exhibited 
a power density of 49.8 kW/kg at an energy density of 6.8 Wh/kg. 
 
8.2 Experimental section 
8.2.1 Deposition of RuO2 nanoparticles on RGO sheets 
First, 50 mg of as-prepared RGO was dispersed in deionic water with methanol 
under sonication for 2 h. 8.9 mL of RuCl3 solution (40 mM) was added under 
sonication for another 2 h. Then, the solution was adjusted to pH = 7 by using NaOH 
solution and stirred overnight. The resulting precipitates were collected and washed 
with deionic water and finally ethanol, dried at 60 °C and calcinated at 150 °C for 2h. 
The obtained solid is named as RGO-RuO2. 
8.2.2 Preparation of polyaniline-modified RGO sheets  
Initally, 50 mg of RGO was dispersed in 50 mL of deionic water with ethanol under 
sonication for 2 h. 0.4 mL of aniline monomer was added to deionic water containing 2 
mL of concentrated H2SO4. The aniline solution was combined with the above RGO 
suspension under sonication. After 2 h, 0.95 g of (NH4)2S2O8 dissolved in 30 mL of 
deionic water was added to the suspension under stirring overnight. The resulting 
precipitates were collected and washed with deionic water and finally ethanol, and 
dried at 60 °C. The obtained solid is designated as RGO-PANi. 
8.3 Characterization 
The samples were characterized by using XPS, FT-IR, TGA, FESEM,  HRTEM 
techniques (detailed in Chapter 3). An Autolab PGSTAT302N was used to measure the 
electrochemical properties of samples at ambient temperature. The electrochemical cell 
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had a two-electrode configuration. The working electrode was prepared by mixing an 
active material, acetylene black, and polytetrafluoroethylene (PTFE) with a ratio of 
85:10:5. A small amount of ethanol was added to prepare a slurry. The slurry was 
pressed on a gold foil as a current collector. Both symmetric and asymmetric 
supercapacitors based on RGO-RuO2 and RGO-PANi were fabricated that are denoted 
as RGO-RuO2//RGO-RuO2, RGO-PANi//RGO-PANi, and RGO-RuO2//RGO-PANi. A 
2 M H2SO4 solution was employed as the electrolyte. 
8.4 Results and Discussion 
Figure 8.1 shows the FTIR spectra of samples RGO, RGO-RuO2, RGO-PANi, and 
GO. The FTIR spectrum of GO (Figure 8.1a) shows a series of vibrational bands at 
3413 cm
-1
 due to hydroxyl stretching vibrations in COOH and/or intercalated water, 
1734 cm
-1 
due to C=O stretching vibration of carboxyl group, 1635 cm
-1
 owning to 
aromatic C=C , 1398 cm
-1 
due to carboxy C-O deformation vibrations, 1220 cm
-1
 
assigned to C-O-C, and 1052 cm
-1 
due to alkoxy C-O stretching vibrations (Si and 
Samulski, 2008). The band at about 864 cm
-1
 is attributed to aromatic C–H out-of-
plane bending vibrations (Si and Samulski, 2008). After reduction of GO with the 
assistance of microwave irradiation, the oxygen-containing groups were reduced 
significantly, suggesting a considerable de-oxygenation. Only a band at about 1557 
cm
-1
 is observed on the FT-IR spectrum of RGO (Figure 8.1b), corresponding to the 
skeletal vibration of RGO sheets (Park et al., 2011). The FT-IR spectrum of RGO-
RuO2 (Figure 8.1c) is similar with that of RGO. For sample RGO-PANi, the 
characteristic bands at 1556 and 1477 cm
-1
 (Figure 8.1d) are ascribed to C=C 
stretching vibration modes in quinoid and benzene rings, respectively (Wang et al., 
2006), whereas the bands at 1299 and 1240 cm
-1
 are related to the C-N and C=N 
stretching modes (Lei et al., 2010), respectively. The presence of these bands suggests 
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the successful coating of PANi on RGO sheets. Additionally, the bands at 1102 and 
797 cm
-1




Figure 8.1 FT-IR spectra of GO (a), RGO (b), RGO-RuO2 (c), and RGO-PANI (d). 
 
The Raman spectra of samples RGO, RGO-RuO2, and RGO-PANI are shown in 
Figure 8.2. For samples RGO and RGO-RuO2, the two typical bands at about 1340 cm
-
1
 and 1590 cm
-1
 are ascribed to the D band and G-band of RGO, respectively. The D-
band is usually associated with the vibrations of carbon atoms with dangling bonds for 
the in-plane terminations of amorphous carbon films, while the G-band due to the E2g 
mode is closely related to the vibration of sp
2
-bonded carbon atoms in a two-
dimensional hexagonal lattice, such as in a graphene layer (Aboutalebi et al., 2011). 
However, no band ascribed to RuO2 is observed, indicating an amorphous structure of 
RuO2 nanoparticles on the RGO sheets. For sample RGO-PANi, apart from the D and 
G bands of RGO sheets, two bands at about 1164 and 1470 cm
-1
 assigned to C-H 
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vibrations in quinoid/phenyl groups and semiquinone radical cation structure in PANi 
can be seen, suggesting the formation of RGO-PANi composite.  
 
Figure 8.2 Raman spectra of samples RGO, RGO-RuO2, and RGO-PANi. 
    
The surface chemical compositions and the valence states of the samples were 
characterized by using XPS. The survey XPS spectra of RGO, RGO- PANi, and RGO-
RuO2 are shown in Figure 8.3a. The presence of C 1s and O 1s signals on the RGO 
sample can be seen. For sample RGO-PANi, a distinct peak due to N 1s could be 
observed in addition to the signals of C 1s and O 1s. After the deposition of RuO2 on 
the RGO sheets, additional XPS signals of Ru 3p and Ru 4p appear on the XPS 
spectrum of sample RGO-RuO2. The core-level XPS signal of C 1s (Figure 8.3b) for 
RGO exhibits that a main peak centered at about 284.6 eV originated from the 
graphitic sp
2
 carbon atoms. The weak peaks located at 285.8 eV and 288.5 eV are due 
to carbon atoms connecting with oxygenate groups, such as C-O and O-C═O (Zhang 
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et al., 2010d; Zhang et al., 2011c), suggesting the presence of residual oxygenate 
groups on RGO sheets. The ratio of C/O in the RGO sheets is about 14.1, suggesting a 
considerable de-oxygenation during the microwave-assisted reduction process (Zhu et 
al., 2010; Park et al., 2011). The presence of nitrogen on the surface of RGO-PANi is 
further confirmed by the core-level N 1s XPS spectrum shown in Figure 8.3c. The N 
1s is fitted to three component peaks centered at about 398.2 eV, 399.0 eV, and 400.5 
eV, respectively. PANi can be generally expressed by formula, [(-B-NH-B-NH-)y(-B-
N=Q=N-)1-y]x, where B and Q are the C6H4 rings in the benzenoid and quinonoid 
forms, respectively (Hu and Lin, 2002). Therefore, these peaks from the deconvolution 
of N 1s core-level spectrum would be ascribed to quinonoid imine (—N═) at 398.2 eV, 
benzenoid amine (—NH—) at 399.0 eV, and nitrogen cationic radical (N+) at 400.5 eV 
(Zhang et al., 2010d). The last peak is indicative of the doping level of PANi. 
According to the quantitative analysis, a N
+
/N ratio of about 0.43 was obtained, 
revealing a high proton doping of PANi on RGO sheets. The doping level was much 
higher than that of the PANi coating on macroporous carbon obtained by an electro-
deposition method (0.25), which would lead to an enhanced pseudocapacitive 
performance (Hu and Lin, 2002).
 
Figure 8.3d shows the core-level XPS spectrum of 
Ru 2p with Ru 2p3/2 and 2p1/2 signals centered at 463.4 and 485.6 eV, respectively, 
indicating the formation of RGO-RuO2 composite (Wu et al., 2010c).  




Figure 8.3 The survey XPS spectra of RGO, RGO-PANi, and RGO-RuO2 (a). The 
high resolution XPS spectra of C 1s for RGO (b), N 1s for RGO-PANi (c), Ru 3p for 
RGO-RuO2 (d). 
 
The morphologies of RGO, RGO-PANi, and RGO-RuO2 sheets were investigated 
using FESEM and HRTEM. The FESEM image in Figure 8.4 shows that the surface of 
the RGO sheets are crumpled and curved. The TEM image (Figure 8.4b) exhibits that 
the RGO sheets are transparent with a few of wrinkles and folds, exhibiting the key 
features of graphene sheets, such as high surface/volume ratio and a two-dimensional 
structure. The HRTEM image (Figure 8.5a) of the wrinkles of RGO sheets reveals a 
few irregularly stacked layers. Figure 8.4c shows the morphology of RGO-PANi, 
which is different from that of the RGO sheets. However, the profile of layered RGO-
PANi with lateral dimension of micrometers is observed. The enlarged TEM image 
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(Figure 8.4d) exhibits a porous structure with rough surface, attributing to the PANi 
coating on the surface of RGO. Figure 8.4e shows the layered structure of RGO sheets 
with lots of small black domains. The enlarged image in Figure 8.4f reveals that the 
small domains are consisted of small nanoparticles. The EDS analysis (Figure 8.5b) 
shows the presence of C, O, and Ru in the samples, confirming the deposition of RuO2 
nanoparticles on the surface of RGO. 
 
Figure 8.4 FESEM image of a RGO sample prepared using a microwave-assisted 
reduction method (a). TEM images of RGO (b), RGO-PANI (c and d), and RGO-RuO2 
(e and f). 
 




Figure 8.5 A TEM image showing wrinkles on the surface of RGO (a). EDX analysis 
of sample RGO-RuO2 (b). 
 
The thermal stability of RGO, RGO-PANi, and RGO-RuO2 sheets was 
investigated by using TGA technique. As shown in Figure 8.6a, the regular weigh loss 
ended at about 750 ºC is observed on the TGA curve. A characteristic peak with a 
shoulder on the differential thermogravimetric (DrTGA) curve (Figure 8.6b) is 
observed at about 518 ºC. The small weight loss before 250 ºC is attributed to the 
removal of adsorbed water while the sharp weight loss corresponds to the removal of 
residual oxygenate groups on RGO sheets and the subsequent burning of carbon sketch 
of RGO. For sample RGO-PANi, The first step of weight loss before 200 ºC is 
attributed to the removal of the adsorbed water. The next weight loss event shifts to a 
lower temperature (500 ºC) in comparison with RGO, corresponding to the 
carbonization of PANi on the surface of RGO sheets and the subsequent burning of 
carbon sketch. For sample RGO-RuO2, the weight loss in the temperature range of 50 - 
200 ºC is due to the removal of absorbed water. The second weight loss at about 274 
ºC is attributed to the removal of crystalline water in hydrous ruthenium oxide, 
suggesting the hydrous nature of RuO2 nanoparticles (Zheng, 2009). The subsequent 
weight loss corresponding to the burning of carbon sketch of RGO shifts to an even 
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lower temperature due to the catalytic effect of ruthenium oxides (Pico et al., 2009). 
The loading of Ru in RGO-RuO2 is about 33 wt% estimated from the TGA data. 
 
Figure 8.6 TGA curves (a) and DrTGA curves (b) of RGO, RGO-PANi, and 
RGO-RuO2. 
The capacitive performances of symmetric and asymmetric supercapacitors 
fabricated with RGO-RuO2 and RGO-PANi were evaluated by using cycle 
voltammetry (CV) and galvanostatic charge/discharge techniques. Figure 8.7a shows 
the CV curves of a symmetric RGO-RuO2//RGO-RuO2 supercapacitor at different scan 
rates. All CV curves exhibit rectangle shapes even at a high scan rate of 200 mV/s, 
suggesting the good capacitive behaviors of RGO-RuO2. Additionally, no redox peaks 
is observed on the CV curves, indicating that the charge/discharge process of active 
materials carries out at a pseudo-constant rate over the whole potential window (Xu et 
al., 2007b; Simon and Gogotsi, 2008). The capacitive performance of RGO-RuO2 with 
different Ru loadings of about 16, 33, 66 wt% was investigated to understand the effect 
of Ru content. The CV curves (Figure 8.8a) exhibit rectangle shapes with a gradual 
increase in current density with increasing Ru content. The charge/discharge curves 
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with an equilateral triangle shape demonstrate that the charge/discharge time increases 
with increasing Ru content (see Figure 8.8b), indicating the increasing capacitance. In 
the present study, we took RGO-RuO2 with about 33 wt% Ru loading as example to 
investigate the capacitive performance of asymmetric supercapacitors. A symmetric 
RGO-PANi//RGO-PANi supercapacitor exhibits a pair of broad redox peaks centered 
at about 0.1 and -0.17 V (Figure 8.7b), resulting from the reversible oxidation and 
reduction of PANi (Meng et al., 2010). The charge/discharge curves of RuO2//RGO-
RuO2 and RGO-PANi//RGO-PANi are shown in Figures 8.7c and d, respectively. All 
curves exhibit equilateral triangle shapes, suggesting a good reversibility during the 
charge/discharge processes. The good capacitive behaviors of electrode materials 
would be attributed to the following features: (1) the RGO sheets with a good electrical 
conductivity lead to a low internal resistance; (2) the intimate interaction of both 
components facilitates the charge transporting from RuO2 or PANI to the underlying 
RGO sheets, leading to rapid redox reactions of pseudocapacitive materials. 
 
Figure 8.7 Cyclic voltammograms of RGO-RuO2//RGO-RuO2 (a) and RGO-PANi// 
RGO-PANi (b) at different scan rates. Charge/discharge curves of RGO-RuO2//RGO-
RuO2 (c) and RGO-PANi// RGO-PANi (d). 





Figure 8.8 Cyclic voltammograms at a scan rate of 50 mV/s (a) and charge/discharge 
curves at a current density of 1 A/g (b) of symmetric supercapacitors RGO-
RuO2//RGO-RuO2 with different Ru loadings. 
 
An asymmetric supercapacitor was fabricated by using RGO-RuO2 and RGO-PANi 
as the electrodes. Figure 8.9a shows the typical CV curves of the ASC. As expected, 
the CV curves of the asymmetric RGO-RuO2//RGO-PANi supercapacitor 
demonstrates that the stable potential window is extended to 1.4 V. It is interesting to 
note that two pairs of redox peaks appear on the CV curves. These peaks would be 
attributed to the emeraldine-pernigraniline transformation and redox transitions of 
PANi between the leucoemeraldine form and the polaronic emeraldine form(Wang et 
al., 2006; Kovalenko et al., 2010). Although no peak due to RGO-RuO2 electrode is 
observed on the CV curves, the electrode also contributs to the pseudocapacitors. Thus, 
the total capacitance comes from the pseudocapacitance and electrical double-layer 
capacitance of both electrodes. Figure 8.9b shows the charge/discharge curves of the 
ASC. Base on the charge/discharge curve, the specific capacitance of supercapacitor 
cell a single electrode (CT, F/g) can be calculated. The specific capacitances of 
electrodes are summarized in Figure 8.9c. The specific capacitance of symmetric 
supercapacitor RGO-PANi//RGO-PANi are calculated to be about 400 F/g at a current 
density of 0.3 A/g. Even at the current density of 16 A/g, the specific capacitance is 
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about 340 F/g. Another symmetric supercapacitor, RGO-RuO2//RGO-RuO2, exhibits a 
capacitance of about 357 F/g at the current density of 0.3 A/g. The specific 
capacitances of the ASC are similar to those of RGO-RuO2//RGO-RuO2. The 
electrochemical stability of the ASC was investigated by charge/discharge technigue. 







 cycles. The ACS exhibits capacitive retentions of about 80% after 
1000 cycles and 70% after 2500 cycles. The support carbon matrix RGO sheets allows 
the uniform deposition of RuO2 nanoparticles or PANi on their surfaces, which would 
enhance the mechanical strength of composite materials, resulting in the long-time 
cycling ability. Moreover, the combination of high electrical conductivity of RGO 
sheets and pseudocapacitance of RuO2 or PANi would attribute to the good capacitive 
performances. 
 
Figure 8.9 Cyclic voltammograms at different scan rates (a) and charge/discharge 
curves at a current density of 2 A/g (b) for asymmetric supercapacitor RGO-
RuO2//RGO-PANi. Specific capacitances of symmetric and asymmetric 
supercapacitors based on RGO-RuO2 and RGO-PANi electrodes (c). Cycle stability of 
asymmetric supercapacitor RGO-RuO2//RGO-PANi (d). The inset in (d) shows the 
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Ragone polt relating the energy density to the power density is an efficient way to 
evaluate the capacitive performance of supercapacitor cells. The energy density (E, 
Wh/kg) and the power density (P, kW/kg) for a supercapacitor cell can be calculated 
using the Equations 2.8 and 2.9 (Chapter 2). Figure 8.10 shows the Regone plots of the 
supercapacitors. It is seen that the symmetric supercapacitor RGO-RuO2//RGO-RuO2 
exhibits an maximal energy density of 12.4 Wh/kg and a power density of 22.7 Wh/kg. 
Another symmetric supercapacitor, RGO-PANi//RGO-PANi, exhibits an energy 
density of 13.9 Wh/kg and a power density of 21.9 Wh/kg. For ASC RGO-
RuO2//RGO-PANi, an energy density of 26.3 Wh/kg, about two times higher than 
these of both symmetric supercapacitors is achieved at the current density of 0.3 A/g. 
More importantly, the power density reaches to 49.8 kW/kg at a reasonable energy 
density of 6.8 Wh/kg. These values are higher than those of recently repoted graphene-
based electrodes, such as RGO-PANi system with a energy density of about 18.7 
Wh/kg (Wu et al., 2010a), RGO-RuO2 (a Ru loading of 38.3 wt%) with energy density 
of 20.1 Wh/kg at the current density of 0.1 A/g, the maximum power density of 10.0 
Wh/kg at an energy density of 4.3 Wh/kg, and pure RuO2 system with the maximal 
energy density of 22.2 Wh/kg (Wu et al., 2010c). It should be noted that the mass 
loading of Ru in the present ASC is only about 17 wt%, which is desired for reducing 
the cost of supercapacitors. For comparison, a symmetric supercapacitor was 
fabricated with pristine RGO sheets as the electrode materials. Figure 8.11 shows the 
CV and galvanostatic charge/discharge curves of the supercapacitor. The nearly 
rectangle CV curves and the equilateral triangle charge/discharge curves of symmetric 
supercapacitor RGO//RGO reveal the good capacitive properties of RGO sheets. 
However, the energy density is only 3.1 Wh/kg at a current density of 0.1 A/g (Figure 
8.10), which is much lower than those of symmetric supercapacitors RGO-
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RuO2//RGO-RuO2 and RGO-PANi//RGO-PANi, and asymmetric supercapacitor 
RGO-RuO2//RGO-PANi. Obviously, the presence of pseudocapacitive materials 
(RuO2 and PANi) on the RGO sheets significantly improves the capacitive 
performances. More importantly, the ASC exhibits the highest energy and power 
densities. The remarkable enhancement in both energy and power densities of the 
present ASC would be attributed to the enlarged potential window because energy 
density is proportional to the square of potential window. Additionally, RGO with a 
good electric conductivity decreases the internal resistance of the electrode materials, 
leading to an improved power density. The present results exhibit an efficient way to 
enhance energy density and power density of supercapacitors.  
 
Figure 8.10 Ragone plots of symmetric and asymmetric supercapacitors based on RGO, 
RGO-RuO2, and RGO-PANI. 
 








In summary, two kinds of graphene-based composite materials (RGO-RuO2 and RGO-
PANi) were synthesized by simple methods. Both symmetric and asymmetric 
supercapacitors were fabricated by using the composite materials as electrodes. The 
ASC with about 17 wt% Ru loading exhibited an energy density of 26.3 Wh/kg and a 
power density of 49.8 kW/kg, which were much higher than that of symmetric 
supercapacitors RGO-RuO2//RGO-RuO2 (12.4 Wh/kg) and RGO-PANi//RGO-PANi 
(13.9 Wh/kg). The research results clearly show that configuring ASCs is an effective 
approach to enhancing the electrochemical performance of supercapacitors.  




CONCLUSIONS AND RECOMMENDATIONS 
 
9.1 Conclusions 
A series of transition-metal-oxide-based materials, ranging from nanostructures to 
composite materials consisting of transition metal oxides and reduced graphene oxide 
(RGO), have been prepared, characterized, and evaluated as supercapacitor electrodes. 
From this thesis, the following conclusions can be drawn: 
(1) Hydrous MnO2 nanostructures prepared under different pH conditions displayed 
different physical and chemical properties. The electrochemical results revealed 
that the MnO2 nanostructures prepared under basic solutions exhibited the best 
electrochemical performance in terms of a specific capacitance of 262 F/g at the 
current density of 0.25 A/g and a capacitive retention of 75 % after 1200 cycles. 
The high surface area and hydrous nature are essential to achieve the good 
capacitive performance.  
(2) As demonstrated in this study, the electrostatic co-precipitation method allowed 
one to prepare composite materials consisting of MnO2 nanosheets and 
functionalized RGO to improve the overall electrocapacitive performance. The 
composite material prepared by making full use of negatively charged MnO2 
nanosheets and positively charged FRGO-p displayed enhanced capacitive 
performance due to the synergic effect of both components: (i) the anchoring of 
MnO2 nanosheets on FRGO-p sheets effectively prevents the latter from 
agglomeration, thus facilitating ion transport in the electrode material, and 
eventually improving the electric double-layer capacitance; (ii) the face-to-face 
assembly between the MnO2 nanosheets and the FRGO-p sheets with a good 
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electrical conductivity results in an intimate interaction of both components, 
enhancing charge transfer between the two components and leading to rapid 
redox reactions of MnO2 sheets.  
(3) MnO2–carbon composite materials exhibited synergistic effect between the two 
counterparts, consequently resulting in enhanced capacitive performance in 
comparison with the pristine components. Among RGO, CNTs and carbon black, 
the anchoring of 3D MnO2 clusters on 2D RGO nanosheets exhibited the best 
electrochemical performance. The bridged RGO sheets between MnO2 clusters 
behaved as an efficient charge transfer medium to enhance the charge transport 
from MnO2 clusters to current collector quickly, leading to rapid redox reactions 
of MnO2. Therefore, the effective synergistic effect between RGO sheets and 
MnO2 led to the enhanced capacitive performance of RGO-MnO2 electrode. In 
contrast, the efficiency of 1D CNTs is limited because of the point contact 
between the columniform CNTs and MnO2 clusters. With respect to carbon 
black, the intimate interaction of carbon black particles and MnO2 clusters is 
carried out. However, it is difficult to form an efficient charge-transfer route 
among the zero-dimensional (0D) carbon black particles, resulting in the 
relatively large charge-transfer resistance. This study provides fundamental 
insights into the role of a carbon support in transition-metal-oxide-carbon 
electrode materials for supercapacitors.  
(4) A simple approach has been developed to prepare nanotubular hydrous 
ruthenium oxides by using manganite nanorods as a morphology template. 
Formic acid was observed to play an important role in the process of deposition 
of ruthenium oxide on the surface of MnOOH nanorods, as well as the formation 
of the final tubular structure. More importantly, the specific capacitance of 
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ruthenium oxide nanotubes was measured to be as high as 860 F/g at a current 
density of 0.5 A/g in a H2SO4 electrolyte, which is larger than that of ruthenium 
oxide nanoparticles at the same current density. 
(5) An ASC was fabricated with RGO sheets modified with ruthenium oxide (RGO-
RuO2) and polyaniline (RGO-PANi) as the positive and negative electrodes, 
respectively. The ASC could be operated at a potential window as high as 1.4 V 
in an aqueous electrolyte, leading to an energy density of 26.3 Wh/kg. The 
energy density was around two-time higher than that of symmetrical 
supercapacitors based on RGO-RuO2 (12.4 Wh/kg) and RGO-PANi (13.9 
Wh/kg) electrodes. In addition, a high power density of 49.8 kW/kg was 
obtained at an acceptable energy density of 6.8 Wh/kg. As demonstrated in this 
thesis, fabrication of asymmetric supercapacitors (ASCs) is a promising 
approach to significantly improving energy density of supercapacitors while 
maintaining high power density. 
 
9.2  Recommendations  
Electrode materials are the key for realizing high-performance new-generation 
supercapacitors. Novel transition-metal-oxide-based nanostructures with prescribed 
physical and chemical properties will continue to attract research attention in the 
design of supercapacitors due to the good pseudocapacitive behaviors and structural 
flexibilities. As following, a couple of recommonedations for future research work and 
the perspective directions for the development of supercapacitors are discussed. 
The results presented in Chapters 4 and 7 suggest that precise control over 
morphologic and structural parameters of transition-metal-oxide nanostructures is 
crucial to maximizing their utilization and achieving high pseudocapacitance for 
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supercapacitors. In particular, metal oxides with uniform structure and high surface 
area are promising to exhibit good pseudocapacitive performance. The results 
presented in Chapters 5 and 6, on the other hand, suggest that the combination between 
a highly pseudocapacitive material (e.g. transition metal oxide) and a carbon material 
with a good electrical conductivity is an effective approach to implementing the 
synergic effect of both components. Therefore, it can be expected that further 
improvement on energy storage and power capability is likely to be realized by 
designing transition-metal-oxide-based composite materials containing carbons. 
Among various carbon materials, of particular importance is graphene that has a 
number of important properties desired in fabricating supercapacitors. Finding a facile 
approach to incorporating graphene sheets with transition-metal-oxides to form a 
robust composite structure represents a frontier research area. In addition, the 
combination of metal oxides with other carbon materials would also lead to enhanced 
capacitive performances by, for example, optimal 3D structure (e.g. carbon nanotube 
arrays, hierarchical nanocomposite networks), large surface area, or optimal pore size. 
Further research is still needed to optimize and correlate the content of metal oxides in 
these composites with regard to performance, which will deepen our understanding of 
the remarkable capacitive properties of metal-oxide-carbon composite materials. 
With respect to the configuration of supercapacitor cells, using a proper 
electrolyte with a broad operating voltage (e.g., ionic liquids) is an effective way to 
enhance the energy density of a supercapacitor. In view of environmental concerns and 
cost, however, aqueous electrolytes are desirable, especially in the design and 
configuration of asymmetric supercapacitors with enhanced energy densities. Coupling 
the different potential windows of two electrode materials in an aqueous electrolyte is 
the key to configuring asymmetric supercapacitors. In a similar way as shown in 
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Chapter 8, the configuration of asymmetric supercapacitors can be achieved by 
choosing appropriate electrode materials.  
The configuration of a faradic battery-type electrode (such as lithium intercalated 
compound) with a capacitive electrode as a hybrid supercapacitor is seen as another 
important direction for the development of supercapacitors. This is motived by the 
combination of the outstanding features of a supercapacitor and a battery, such as fast 
charge capability, robust cycle life, and high energy density. In comparison with the 
mature technologies of batteries and symmetric supercapacitors, the hybrid 
supercapacitor technology is still in infancy. However, concomitant with the rapid 
development of materials science, the development of hybrid supercapacitors is 
believed to grow rapidly in the coming years. 
The next-generation supercapacitors are expected to complement or replace 
batteries in certain applications where high efficiency, high power, and high level of 
reliability are required. With the rapidly growing demand, it will continue to generate 
much research activities towards the development of novel elecrode materials and new 
cell configurations. It is expected that revolutionary breakthroughs on the 
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SYNTHESIS AND CHARACTERIZATION OF RGO–
METAL–OXIDE COMPOSITES  
A1.1 Introduction 
As demonstrated in Chapters 5 and 6, reduced graphene oxide (RGO) offers a 
good opportunity to prepare composite materials with metal oxides for wide 
applications due to synergistic effect between the two counterparts.
1–4
 RGO is 
generally prepared by chemical oxidation of graphite to exfoliated sheets of graphene 
oxide (GO), followed by reduction with sodium borohydride or highly toxic 
hydrazine.
5,6
 However, RGO dispersion tends to aggregate in aqueous solution because 
of the loss in surface oxygen–containing groups.6-8 GO can also be reduced to RGO by 
other means. Recently, RGO was modified with P25 TiO2 using a hydrothermal 
treatment method. During the hydrothermal treatment process, GO was reduced to 
RGO. The obtained P25–RGO composite exhibited a good photocatalytic activity 
towards the degradation of methyl blue.
3 
UV-assisted photocatalytic reduction of GO 
was proven to be useful to prepare RGO–semiconductor composites, including RGO–
TiO2 and RGO–ZnO.
9,10
 Cao et al.
11
 reported the preparation of  RGO–CdS 
nanocomposite by a one-step reaction. In the reaction, GO could be reduced 
solvothermally to RGO in dimethyl sulfoxide (DMSO) at 180 °C. In the presence of 
cadmium acetate, DMSO, as a source of sulfur, results in the formation of CdS 




    In this Chapter, RGO was modified with tin dioxide (SnO2) and titanium 
dioxide (TiO2) by a direct redox reaction between GO and SnCl2 or TiCl3 at 90 °C as 
illustrated in Scheme A1.1. Here, GO was reduced by SnCl2 or TiCl3 to RGO, and in 
the meantime, the metal ions were oxidized to SnO2 or TiO2 nanoparticles, depositing 
on the surface of the RGO. The obtained samples are designated as RGO–SnO2 and 
RGO–TiO2, respectively. The present method offers several advantages, including (1) 
an extra reducing agent such as toxic hydrazine is not required for the reduction of GO 
to RGO, (2) the in–situ growth of metal oxides leads to the formation of uniform 
nanoparticles on individual RGO sheets, and (3) the process can be carried out under 
mild conditions. 
 
Scheme A1.1. A scheme showing the preparation of samples RGO-SnO2 and RGO-
TiO2.     
 
A1.2 Experimental section 




In the preparation of RGO–TiO2, 4 mL of the GO dispersion (4.8 mg/mL) was 
diluted in 50 mL of DI water. 2 mL of titanium trichloride (TiCl3, 15 wt.%, Sigma–
Aldrich) was added to 50 mL of HCl solution (1 mL 37 wt.% HCl, Sigma–Aldrich). 
The two solutions were mixed and sonicated for 5 min. The resulting mixture was 
stirred at 90 °C for 6 h. The same procedure was employed to prepare RGO–SnO2 
except that 0.14 g of tin(II) chloride dihydrate (SnCl2·2H2O, 98%, Sigma–Aldrich) was 
used. The RGO-metal oxide solids were collected by centrifuge, washed several times 
with DI water, and dried in a vacuum oven at 60 °C. Samples were investigated by 
using XRD, FESEM, HRTEM, XPS techniques (the details in Chapter 3). 
A1.3 Results and discussion 
Figure A1.1 shows the XRD patterns of samples GO, RGO, RGO–SnO2, and 
RGO–TiO2. For sample GO, the sharp peak (Figure A1.1a) at about 2 = 10.4 ° 
corresponds to the (002) reflection of stacked GO sheets with an interlayer spacing of 
0.86 nm, larger than that of pristine graphite (0.34 nm). This suggests the introduction 
of oxygen-containing groups on the GO sheets. After chemical reduction of GO, only a 
broad peak centered at around 24 °, corresponding to an interlayer spacing of about 
0.37 nm, is observed on sample RGO (Figure A1.1b), indicating the presence of 
residual oxygen–containing groups on the RGO sheets. For samples of RGO–SnO2 and 
RGO–TiO2, no diffraction peak of layered GO can be seen, indicating the absence of 
layer-stacking regularity after reduction by the cations.
4,7
 The XRD peaks at about 2 
= 26.6 °, 33.9 °, and 51.6 ° (Figure A1. 1c) can be indexed to the diffractions of SnO2 
(110), (101), and (211) planes (JCPDS, No. 41–1145).12 The reflection peaks at 2 = 
25.4 °, 37.9 °, 48.0 °, 54.6 ° (Figure A1. 1d) can be indexed to (101), (103, 004, and 




The broad diffraction peaks for RGO–SnO2 and RGO–TiO2 indicate the small particle 
sizes and/or poor crystallization of SnO2 and TiO2 particles.  
 
Figure A1.1 XRD patterns of (a) graphene oxide, (b) reduced graphene oxide, (c) 
RGO–SnO2, and (d) RGO–TiO2. The standard cards of SnO2 and TiO2 are also 
included in the Figure for reference. 
    XPS was employed to characterize the surface chemical compositions and the 
valence states. Figure A1.2a shows the survey XPS spectra of RGO–SnO2 and RGO–
TiO2. The peaks due to Sn and Ti reveal the presence of Sn and Ti species in the 
composites. The core–level XPS signals of Sn 3d are shown in Figure A1.2b. The 
binding energies centered at 487.3 eV and 495.7 eV are due to Sn
4+
, suggesting the 
formation of SnO2 on the RGO sheets.
15–17
 Two peaks centered at 458.5 and 464.5 eV 
can be seen from the Ti 2p spectrum (Figure A1.2c) that are assigned to Ti 2p1/2 and Ti 
2p3/2, respectively, in good agreement with the binding energy values of Ti
4+
 in pure 
anatase.
18
 The core–level XPS signals of C 1s shown in Figure A1.2d are deconvoluted 
into three components. For the GO sample, the main peak centered at about 284.6 eV 
originates from the graphitic sp
2




and 287.9 eV are due to carbon atoms connecting with oxygenate groups, such as C–O 
and O– C=O.19 The C 1s XPS spectrum of the RGO sample exhibits the same peaks 
 
Figure A1.2 (a) XPS survey spectra of RGO–SnO2 and RGO–TiO2. Core–level XPS 
spectra of (b) Sn 3d, (c) Ti 2p. C 1s XPS spectra of (d) GO, (e) RGO, (f) RGO–SnO2, 
and (g) RGO–TiO2. 
to these of the GO sample, but the intensity of the peaks related to oxygenate 
functionalities is weaker than that of the GO. The small peaks related to oxygenate 
groups indicates the presence of residual oxygenate groups on the RGO sample. The C 




peaks at 286.1 and 288.9 eV due to residually oxygen–containing groups. The weaker 
peaks due to oxygenate groups suggest a considerable de–oxygenation and the 
formation of RGO.
7
 A similar XPS spectrum of C 1s is seen for sample RGO–TiO2. 
The peak at 286.7 eV indicates the increase in the residual oxygenate groups compared 
to RGO–SnO2. The XPS results show that most oxygenate groups are removed during 
the redox reactions. A small amount of residual oxygenate groups on RGO–SnO2 and 
RGO–TiO2 are believed to be favorable for maintaining a good dispersion of the 
composite nanosheets. 
TEM image of the chemically exfoliated GO sheet is shown in Figure A1.3a. The 
presence of wrinkles and folds on the sheet is the characteristic feature of a single–
layer GO sheet. Figure A1.3b shows a smooth graphene sheet decorated with SnO2 
nanoparticles, suggesting the uniform deposition of SnO2 nanoparticles on the RGO 
sheet. A HRTEM image of the RGO–SnO2 sheet (Figure A1.3c) reveals that the whole 
surface of the RGO sheet decorated with worm–like SnO2 nanoparticles. The lattice–
resolved image of RGO–SnO2 (Figure A1.3b) shows a lattice spacing of 0.33 nm, 
corresponding to the d–spacing of (110) planes of SnO2.
17
 Energy–dispersive X–ray 
(EDX) spectrum of RGO–SnO2 (the inset in Figure A1.3b) exhibits the presence of C, 
O, and Sn elements, further confirming the formation of RGO–SnO2 composite. The 
TEM image of RGO–TiO2 shown in Figure A1.4a displays a similar morphology to 
that of RGO–SnO2. It is seen that TiO2 nanoparticles uniformly dispersed on the RGO 
sheets. The inset is the corresponding EDX spectrum, revealing the presence of C, Ti 
and O. The high–magnification TEM image shown in Figure A1.4b shows that the 
TiO2 nanoparticles randomly oriented on the RGO sheets. Figure A1.4c shows the 
atomic force microcopy (AFM) image of sample RGO–TiO2. The lateral dimension of 





Figure A1.3 (a) TEM image of exfoliated GO sheets. (b) and (c) TEM images of 
RGO–SnO2. The inset of Figure A1.3b is the EDX spectrum. (d) High–resolution TEM 
image of SnO2 nanoparticles on a RGO sheet. 
 
Figure A1.4 (a) and (b) TEM images of RGO–TiO2. The inset of Figure 4(a) is the 
EDX spectum. (c) AFM image of RGO–TiO2. (d) An enlarged AFM image of RGO–




 wrinkles and folds can be clearly seen from the TEM and AFM images in Figures 
A1.4a and 4c as indicated by the arrows, showing the characteristic feature of single–
layer RGO sheets decorated with nanoparticles.
11
 The enlarged AFM image shown in 
Figure A1.4d demonstrates that TiO2 nanoparticles cover the whole surface of the 
RGO sheet with a thickness of less than 15 nm.    
The surface of GO is covered with abundant of oxygen–containing groups, such as 
epoxy, hydroxyl, and carboxylic acid, which are favorable for interacting with metal 
cations.
20-22




 cations with a strong reduction 
ability gradually reduced the oxygen–containing groups of GO. Simultaneously, the 
oxidation of the metal ions resulted in the formation of metal oxide nanoparticles on 
the RGO sheets.
23
 The redox reactions led to the in–situ formation of RGO–SnO2 and 
RGO–TiO2 nanocomposites (Scheme 1). However, SnO2 and TiO2 nanocrystals 
formed on the RGO sheets exhibited different morphologies, despite that the particles 
formed via the same mechanism. At 60 °C, petal–like TiO2 clusters with much free 
spaces of RGO sheets were observed whereas RGO sheets were covered with the 
worm–like SnO2 nanoparticles for sample RGO–SnO2 (Figures A1.5). Dai and co–
workers
24
 reported that the size, morphology, and crystallinity of nanocrystals formed 
on graphene are dependent on the oxidation degree of graphene substrate due to the 
different interactions of coating species with graphene sheets. In the present work, the 
growth of SnO2 and TiO2 nanocrystals with different morphologies on the RGO sheets 







 is extremely easy to interact with oxygen containing groups,
25
 leading to a 
uniform growth and dispersion of SnO2 nanocrystals on the RGO sheets. In contrast, 
the reducing ability of Ti
3+
 is stronger than that of Sn
2+













NHE), resulting in the faster reduction of GO. In addition, the lower rate of hydrolysis 
of Ti
3+
 led to the preferable growth of TiO2 nanocrystals rather than on the RGO sheets, 
resulting in the formation of aggregated TiO2 particles and more free spaces of the 




Figure A1.5 TEM image of RGO-TiO2 (a) and RGO-SnO2 (c) prepared at 60 °C. b) 
The enlarged TEM image of RGO-TiO2 (b) and RGO-SnO2 (d).  
Figure A1.6 shows the N2 adsorption–desorption isotherms and the BJH pore size 
distribution (PSD) curves of samples RGO–SnO2 and RGO–TiO2. A Type IV isotherm 
is seen from Figures A1.6a and 6b, indicating the presence of mesopores in the 
composites.
27
 The BJH pore size distribution curve of sample RGO–SnO2 shown in 
Figure A1. 6c derived from the desorption branch indeed showed a narrow distribution 
centered at 3.4 nm. In contrast, the corresponding PSD curve of sample RGO–TiO2 
showed two pore size distributions centered at 3.6 nm and 8.6 nm, respectively. The 




the interlayers of RGO–SnO2 and RGO–TiO2. The BET surface areas for RGO–TiO2 
and RGO–SnO2 were estimated to be 341 m
2
/g and 241 m
2
/g, respectively, much 
larger than that reported previously.
26,28
 After reduction of GO, RGO sheets are easy to 
aggregate due to the removal of oxygenate groups, resulting in the loss in specific 
surface area. The decoration of both sides of RGO with SnO2 or TiO2 nanoparticles is 
an effective approach to depressing the aggregation of the RGO sheets, leading to the 
high BET surface area.  
 
Figure A1.6 N2 adsorption–desorption isotherms of (a) RGO–SnO2 and (b) RGO–




On the basis of TGA, the mass ratio of SnO2 and TiO2 in the RGO–SnO2 and 
RGO– TiO2 composites was about 85 wt.%. Importantly, the composite materials can 
be processed as free–standing film by using a vacuum filtration method as shown in 
Figure A1.7. The diameter of the free–standing film is about 3 cm. The free–standing 
film with different sizes can be fabricated according to need. The thickness is 
determined by the concentration and volume of the composite suspension. 
 
Figure A1.7 Photographs of free-standing RGO–SnO2 (a) and RGO–TiO2 films (b).  
The electrochemical characterization exhibited that the capacitive performance of 
RGO-SnO2 and RGO-TiO2 is not good enough (the data  was not shown here). Thus, it 
is not desirable as electrode materials for supercapacitors, although the composite 
materials exhibited enhanced lithium storage abilities in lithium ion batteries.
29-32
 It is 
worthy of note that the RGO-SnO2 and RGO-TiO2 exhibited very interesting 
photocatalytic properties for degradation of organic dyes under visible light 
irradiation.
33
 However, the photocatalytic properties are beyond the scope of this thesis, 











 as examples, chemically 
exfoliated graphene oxide can be reduced by metal ions to in–situ form composite 
materials consisting of reduced graphene oxide and SnO2 or TiO2 nanoparticles. The 
composite materials exhibit a layered structure with well–dispersed nanoparticles on 
the surface of reduced graphene oxide, which are expected to be used in the promising 
applications as photocatalysts and electrode materials for lithium ion batteries. 
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